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Primer	 m’agradaria	 agrair	 al	 Pla	 del	 Doctorat	 Industrial	 (Agaur	 i	 Generalitat	 de	
Catalunya)	 per	 atorgar-nos	 aquesta	 beca.	 Ha	 estat	 una	 fantàstica	 oportunitat	 per	
conèixer	el	món	de	 la	recerca	a	 la	universitat	 i	compartir-ho	amb	 la	 indústria.	També	
vull	agrair	a	IQS	i	a	Interquim	S.A	haver-me	permès	moure’m	entre	els	dos	mons	amb	
tanta	facilitat	i	comoditat.	
Agrair	 al	 Dr.	 Antoni	 Planas,	 director	 d’aquesta	 tesi,	 confiar	 en	 mi	 i	 donar-me	 la	
possibilitat	de	realitzar	aquest	doctorat	en	el	seu	laboratori.	Gràcies	per	les	discussions	
i	 crítiques,	 és	 un	 plaer	 aprendre	 tanta	 ciència	 d’algú	 com	 tu.	 Gràcies	 per	 fer-me	
descobrir	que	el	món	dels	carbohidrats	pot	donar	més	energia	del	que	sembla!	
Agrair	a	la	Dra.	Teresa	Pellicer,	directora	d’aquesta	tesi,	primer	de	tot	per	confiar	en	
mi:	 tan	 en	 l‘inici	 com	 en	 el	 llarg	 de	 tota	 la	 tesi.	 Gràcies	 per	 tota	 la	 ciència	 que	 has	
compartit	 i	 per	 la	 teva	manera	 tant	 instructiva	 d’ensenyar.	 També	m’has	 ensenyat	 a	
veure	que	més	enllà	de	la	ciència,	hi	ha	punts	i	comes	a	tindre	en	compte.	Moltes	gràcies	
per	fer-me	veure	molt	més	que	números	i	enzims!	
També	 vull	 agrair	 al	 Dr.	 Xavier	 Camps	 i	 al	 Dr.	 Francisco	 Marquillas	 permetre’m	
conèixer	Interquim	i	el	projecte	gaxilosa	des	de	ben	aprop.	Gràcies	per	confiar	en	mi	i	
en	la	biocatàlisi.	Gràcies	per	tant	gran	oportunitat.	També	vull	donar	les	gràcies	al	grup	
del	 projecte	 gaxilosa	 amb	 els	 que	 he	 tingut	 la	 sort	 de	 treballar:	 ha	 estat	 un	 plaer	
treballar	amb	vosaltres	 i	 veure	 la	 investigació	des	dels	ulls	de	 la	 indústria.	Part	de	 lo	
aconseguit	 en	 aquest	 treball	 és	 vostre!	 Fede,	 gracias	 por	 estar	 siempre	 100%	
disponible,	 sé	 que	 al	 final	 le	 has	 cogido	 cariño	 a	 las	 enzimas.	 Santos,	 gracias	 por	 tu	
ayuda,	por	ensenyarme	 la	parte	más	 industrial	del	proceso.	He	aprendido	muchísimo	
en	las	visitas	a	los	laboratorios	de	Interquim.	Cristina,	gràcies	per	la	teva	visió	analítica:	
els	 teus	anàlisis	han	 fet	palpable	els	èxits	del	projecte.	També	m’agradaria	agrair	a	 la	
Paqui	totes	les	gestions.	Moltes	gràcies	per	fer-ho	tot	TAN	fàcil!	
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dia	 sempre	 amb	 un	 somriure),	 Dra.	 Marta	 Palomo	 (gràcies	 per	 demostrar	 que	 amb	
ganes,	tot	es	pot),	Dr.	Xavi	Pérez	(gràcies	per	compartir	tants	coneixements	d’anàlisi!),	
Dr.	 Edu	 Andrés	 (gracias	 por	 tus	 consejos	 en	 el	mundo	 glicosintasa),	 Dr.	 Régis	 Fauré	
(thanks	for	you	help	during	your	stay,	your	desire	to	collaborate	and	share	science.	And	
thanks	 for	 the	 science	 you	 share	with	 us,	 it	was	 very	 helpful.	Merci	 beaucoup!).	 Així	
com	 investigadors	 d’altres	 departaments	 com	 la	 Dr.	 Gemma	 Gotor	 i	 la	 Dra.	 Cristina	
Ribas,	per	ajudar	sempre	amb	els	problemes	cromatogràfics!	
Als	 diferents	 professors	 i	 col·laboradors	 de	 bioquímica:	 Dr.	 Pau	 Leiva,	 Dr.	 Marc	
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de	humor).	 Sergi	 (Dr.	Abad)	 ets	 un	 crack!!	 Ets	 treballador,	 persistent	 i	mai	 deixes	de	
tirar	endavant.	Sempre	cuidaves	dels	“petits	del	lab”	(que	al	teu	costat	ho	erem!!)	i	per	
damunt	de	tot,	sempre	vas	mantindre	un	somriure	sense	fi.	I	aquí	ho	vull	deixar	escrit:	
moltes	gràcies!	Per	molts	més	berenars!	Dr.	Huguinho,	 te	 conocí	 con	una	glicosintasa	
un	tanto	peculiar	(E134D)	con	la	que	aprendí	muchísimo,	y	aunque	escogiste	el	mundo	
nano	 y	 sus	 loops	 ha	 sido	 un	 placer	 compartir	 tiempo	 y	 ciencia	 contigo.	 Siempre	
recordaremos	tus	filloas	y	clases	de	swing.	Pero	que	sepas	que	aún	esperamos	LA	tarta	
de	 Santiago.	 Dra.	 Victoria!!	 Y	 lo	 digo	 así,	 con	 exclamaciones.	 Has	 sido,	 siempre,	 una	
inyección	de	energia	y	positivismo!	Tu	amor	por	la	ciencia	y	por	la	vida	es	contagiosa!	
Mil	 gracias!	Dr.	 Enea	 (Gibson),	 vam	 coincidir	 gaire	 bé	 un	 any	 al	 laboratori	 i	 cada	 dia	
tenies	 alguna	 sorpresa.	 Gràcies	 per	 la	 teva	 manera	 innocent	 de	 mirar	 les	 coses!	 És	
d’admirar!	Quina	sort	de	postdoc	que	vam	tindre!	També	vull	donar	les	gràcies	a	altres	
doctorands	de	la	promoció	anterior,	amb	els	que	vam	coincidir	menys	però	també	vam	
compartir	molts	moments:	Ellen	moltes	gràcies	per	 la	 teva	dolçor	 i	 amabilitat.	Carles	
les	tardes	amb	crispetes	sempre	seran	fetes	per	tu!	Marta	Vilà,	tot	i	la	distància	amb	el	





També	 vull	 donar	 les	 gràcies	 a	 estudiants	 que	 han	 passat	 pel	 laboratori	 durant	









gracias	por	 estar	 siempre	de	buen	 rollo.	Gracias	por	 tus	 ganas	de	 ayudar	 y	 aprender	
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siempre.	O	a	estudiants	de	més	curta	estada	com	l’Stefan	 i	 la	Chiara,	 thanks	 for	share	
your	expierience	with	us!.	També	m’agradaria	donar	gràcies	a	 la	Xisca.	Vas	estar	molt	
poc	temps,	però	ens	vas	donar	aire	i	alegria	quan	bioquímica	ho	necessitava	més!	




galactosidasa	 amb	 la	 que	 hem	 treballat.	 Gràcies	 per	 deixar-me	 entrar	 al	 món	 de	 la	
cristal·lografia	i,	sobretot,	gràcies	per	la	feina	que	vas	fer	amb	la	galactosidasa:	ara	ja	sé	
que	és	traçar	l’estructura	d’un	monstre	de	proteïna.	I	would	like	to	thank	the	students	
from	 Nantes	 for	 all	 expieriences	 and	 science	 shared:	 Ennys	 (thanks	 for	 french	 and	




L’última	 part	 del	 doctorat	 l’he	 viscuda	 amb	 vosaltres,	 i	 vull	 que	 sapigueu	 que	 les	
paraules	 se’m	 quedaran	 curtes:	 sou	 genials!	 Heu	 fet	 d’aquest	 doctorat	 una	 aventura	
molt	més	 enriquidora!	 Gràcies	 per	 compartir	 tants	 bons	moments,	 tants	 patiments	 i	
tantíssimes	 alegries.	 Mire,	 portes	 alegria	 i	 bon	 humor	 per	 allà	 on	 vas	 i	 converteixes	
qualsevol	 situació	en	un	 show:	 la	 guerra	dels	 fags	 convertida	en	Fag-busters,	 els	 teus	
atacs	 de	 tos	 mortals	 o	 els	 esternuts	 sempre	 triples	 et	 fan	 única.	 Vas	 ser	 un	 fitxatge	
genial	per	bioquímica	i	pel	que	comenten	per	Barcelona!!	NurNur,	he	aprés	molt	al	teu	
costat	 (més	del	que	et	 reconeixeré,	=P).	Ningú	 té	 les	coses	 tan	clares	com	 les	 tens	 tu.	
Gràcies	per	ensenyar-me	el	teu	cor,	que	és	més	gran	del	que	dius!!	Recorda	que	tot	va	
començar	 sent	 companyes	de	 taula!	 Sergi,	 gràcies	 per	 deixar-te	 conèixer.	 Gràcies	 per	
compartir	ciència	i	les	teves	preocupacions,	ha	estat	un	plaer	treballar	al	teu	costat.	Els	
atacs	de	riure	amb	tu	són	incotables	i	els	gintònics	també!!!	Gràcies	per	cuidar	tant	a	les	
nenis	 del	 lab,	 i	 per	 acabar	 sent	 una	 de	 nosaltres!	 Almu,	 vas	 ser	 una	 sorpresa	 per	
nosaltres.	Vas	arribar	un	dia	a	bioquímica	i	mai	vas	marxar.	Ha	estat	un	plaer	treballar	
amb	 tu	 i	 conèixer-te:	 la	 teva	 alegria	 i	 manera	 d’escoltar	 i	 aconsellar	 és	 d’admirar.	
Espero	que	tornem	a	viure	algun	cop	a	la	mateixa	ciutat!!	Gràcies	per	tot!	Cris,	 la	teva	
manera	 de	 treballar	 i	 ajudar	 als	 altres	 és	 espectacular.	 Gràcies	 per	 ajudar,	 sempre,	 a	
tothom!	 Gràcies	 per	 deixar-me	 conèixer-te	 i	 poder	 compartir	moments	 tan	 especials	
per	Barcelona,	 Sant	Cugat,	Nantes	o	Gante!	 I	 a	partir	d’ara	on	 sigui!	No	deixis	mai	de	
ballar!	Laia,	gràcies	per	aparèixer	a	bioquímica	i	convertir-te	en	un	gran	pilar.	Has	sigut	
més	 que	 genial	 poder	 compartir	 tant	 amb	 tu:	 dins	 i	 fora	 del	 lab!	 Les	 experiències	 i	
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moments	 compartits	 són	 incontables	 (i	 no	 estic	 exagerant!),	 i	 sé	 que	 no	 pararan!	
Aventures,	viatges,	confessions,	consells	i	riures.	Gràcies	per	tot!	Gràcies	per	cuidar	tant	
























tot	 el	 que	 em	 doneu,	 per	 confiar	 sempre	 amb	mi	 i	 fer-me	 veure	 que	 la	 vida	 s’ha	 de	
gaudir,	però	també	lluitar:	sou	un	exemple	a	seguir.	Només	puc	dir,	moltes	gràcies!!!	
Manel,	tot	i	la	distància	has	viscut	el	doctorat	de	ben	prop,	i	puc	dir	que	una	part	és	
teva.	Gràcies	per	 entendre’m,	 cuidar-me	 i	 donar-me	aire	quan	més	ho	necessitava.	El	
teu	 recolzament,	 sobretot	 a	 la	 part	 final,	 ha	 estat	 essencial.	 Gràcies	 per	 ensenyar-me	
que	cal	lluitar	pel	que	volem	de	veritat.	I	sobretot,	gràcies	perquè	vas	donar	sentit	a	tot,	
quan	res	semblava	que	ho	 tenia.	Mil	gràcies	de	 tot	cor	per	donar-me	tant	 i	 compartir	
tantíssims	somnis	i	experiències!	Ara	comença	una	nova	aventura!!	(“dejarse	llevar...”)	



























































Lactose	 is	 a	milk	 disaccharide	 produced	 by	 nearly	 all	mammalian	 species.	 For	 its	
digestion,	 it	 must	 be	 hydrolysed	 to	 galactose	 and	 glucose	 by	 lactase	 (EC	 3.2.1.23),	
which	is	normally	produced	by	the	cells	that	line	the	small	intestine.	Deficiency	or	low	
levels	 of	 lactase	 (hypolactase)	 can	 cause	 common	 symptoms	 including	 bloating,	
abdominal	pain	or	cramps,	flatulence	and	diarrhea.	Evaluation	of	enzyme	deficiency	is	
important	 in	 pediatrics	 and	 gastroenterology	 due	 to	 the	 high	 frequency	 of	 genetic	
predisposition	(65%).	Many	of	 the	standard	diagnostic	procedures	are	 invasive,	quite	
drastic	 and	 not	 applicable	 to	 infants	 and	 young	 childen.	 A	 non-invasive	method	was	
developed	 based	 on	 the	 use	 of	 4-O-β-D-galactopyranosyl-D-xylose	 (gaxilose),	 a	
structural	 analogue	 of	 lactose	 (it	 only	 lacks	 the	 hydroxymethyl	 group	 at	 position	 5).	




from	 long,	 tedious	 reaction	 sequences	 with	 low	 overall	 productivity	 (9%).	 The	
biosynthetic	 route	 involving	 galactosyltransferase	 enzymes	 implies	 technical	
difficulties	 (unstable	and	expensive	enzymes)	and	high	 costs.	Glycosidases	have	been	
shown	 to	 catalyse	 the	 formation	 of	 glycosides	 by	 transglycosylation	 at	 low	 cost.	
Disadvantatges	of	this	approach	include	yield	limitations	due	to	competing	hydrolysis	





First,	 enzymatic	 conditions	were	modified	 to	 increase	enzymatic	 gaxilose	production.	
On	ther	other	hand,	other	enzymes	were	searched	to	be	used	as	gaxilose	biocatalysts.	
Bibliographic	 and	 experimental	 studies	 allowed	 to	 find	 one	 enzyme	 able	 to	 increase	
gaxilose	 yield	 up	 to	 35%	 using	 3.3-fold	 less	 enzyme,	 and	 thus	 diminishing	 the	
production	costs).	Despite	 the	higher	 transglycosidase	activity	of	 the	new	enzyme,	 its	
hydrolase	activity	did	not	allow	the	increase	of	gaxilose	prodution.	Protein	engineering	









les	 cèl·lules	 epitelials	 de	 l’intestí	 prim,	 donant	 lloc	 a	 galactosa	 i	 glucosa.	 La	 seva	
deficiència	 o	 baixa	 quantitat	 (hipolactàsia)	 pot	 produir	 diversos	 símptomes	 incloent	
inflor,	dolor	abdominal,	flatulències	i	diarrea.	L’avaluació	de	la	deficiència	de	la	lactasa	
és	 principalment	 important	 en	 pediatria	 i	 en	 gastroenterologia	 a	 causa	 de	 l’elevada	
incidència	de	l’alteració	genètica	de	la	lactasa	en	aquests	grups	poblacionals	(65%).	La	
majoria	dels	mètodes	de	diagnòstic	són	invasius	i	dràstics	i	no	són	adequats	per	a	ser	
aplicats	 a	 infants.	 Davant	 d’aquesta	 situació,	 un	 nou	 mètode	 no	 invasiu	 va	 ser	
desenvolupat.	 Aquest	 es	 basa	 en	 l’administració	 de	 4-O-β-D-galactopiranosil-D-xilose	
(gaxilosa),	un	anàleg	estructural	de	la	lactosa.	Aquest	compost	també	es	substrat	per	la	
lactasa	 i	 és	 hidrolitzat	 donant	 lloc	 a	 galactosa	 i	 xilosa.	 Aquest	 segon	 és	 absorbit	
passivament	per	l’intestí	prim	i	és	eliminat	per	orina	on	pot	ser	fàcilment	detectat	per	
un	mètode	colorimètric	senzill.	
La	 síntesi	 química	de	 la	 gaxilosa	necessita	de	 l’ús	de	 grups	protectors	 i	 de	 llargs	 i	
complexes	 etapes	 sintètiques	 per	 arribar	 a	 rendiments	 de	 producció	 baixos	 (9%).	 La	
ruta	biosintètica	utilitzant	galactosiltransferases	implica	diverses	dificultats	tècniques	i	









transglicosidació.	 D’altra	 banda,	 es	 va	 buscar	 un	 altre	 enzim	 per	 ser	 utilitzat	 en	 la	
producció	 de	 gaxilosa.	 Estudis	 bibliogràfics	 i	 experimentals	 van	 permetre	 la	 selecció	
d’un	 nou	 enzim	 capaç	 de	 sintetitzar	 més	 gaxilosa,	 arribant	 a	 un	 rendiment	 final	 del	
35%	utiiltzant	3,3	cops	menys	enzim	(amb	la	corresponent	disminució	dels	costos	de	
producció).	 Tot	 i	 que	 el	 nou	 enzim	 presentava	 una	 activitat	 de	 transglicosidació	
superior	 a	 l’enzim	 d’E.	 coli,	 	 la	 seva	 activitat	 hidrolítica	 romanent	 no	 permetia	
augmentar-ne	 més	 el	 rendiment.	 Per	 modificar	 l’activitat	 enzimàtica	 i	 augmentar	 la	











por	 las	 células	 epiteliales	 del	 intestino	delgado,	 dando	 lugar	 a	 glucosa	 i	 galactosa.	 Su	
deficiencia	o	baja	concentración	(hipolactasia)	puede	producir	diversos	síntomas	como	
son	hinchazón,	dolor	abdominal,	 flatulencias	y	diarrea.	La	evaluación	de	 la	deficiencia	
de	 la	 lactasa	es	 importante	en	pediatría	y	gastroenterología	por	 la	elevada	 frecuencia	
de	 esta	 alteración	 genética	 (65%).	 La	 mayoría	 de	 los	 métodos	 de	 diagnóstico	 son	
invasivos	 y	 drásticos	 y	 no	 son	 adecuados	 para	 su	 uso	 en	 población	 infantil.	 Frente	 a	
esta	 situación,	 se	 desarolló	 un	 nuevo	 método	 no	 invasivo.	 Éste	 se	 basa	 en	 la	
administración	de	4-O-β-D-galactopiranosil-D-xilose	 (gaxilosa),	un	análogo	estructural	
de	la	lactosa.	Este	compuesto	también	es	sustrato	de	la	lactasa	y	es	hidrolizado	dando	
lugar	 a	 galactosa	 y	 xilosa.	 El	 segundo	 se	 absorbe	 pasivamente	 a	 través	 del	 intetsino	
delgado	 y	 se	 elimina	 a	 través	 de	 la	 orina	 donde	 puede	 ser	 detectado	 por	 un	método	
colorimétrico	senzillo.	
La	síntesi	química	de	la	gaxilosa	requiere	del	uso	de	grupos	protectores	y	de	largos	y	
complejos	pasos	de	 síntesis	para	 llegar	 a	 rendimientos	de	producción	bajos	 (9%).	 La	
ruta	 biosintética	 utilizando	 galactosyltransferasas	 comporta	 dificultades	 técnicas	 y	
costes	 elevados.	 Por	 otro	 lado,	 las	 glicosidasas	 tienen	 la	 capacidad	 de	 síntesis	 de	
glicósidos	 por	 transglicosidación	 con	 costes	 bajos.	 La	 principal	 desventaja	 de	 esta	
metodologia	son	los	bajos	rendimientos	por	 la	actividad	hidrolítica	de	 la	enzima	y	 los	
problemas	de	purificación	por	la	formación	de	regioisómeros	y/u	otros	productos.	
La	β-galactosidasa	de	Escherichia	coli	fue	seleccionada,	entre	otras	enzimas,	para	la	
producción	 de	 gaxilosa	 a	 nivel	 industrial.	 Después	 de	 varios	 pasos	 de	 purificación	 el	
rendimiento	es	del	20-23%.	
Este	 trabajo	 pretende	 aumentar	 el	 rendimiento	 de	 la	 producción	 de	 gaxilosa.	
Primero	 se	 modificaron	 las	 condiciones	 de	 reacción	 para	 aumentar	 la	 activitat	
enzimática	 de	 transglicosidación.	 Por	 otro	 lado,	 se	 buscó	 otra	 enzima	 para	 la	
producción	 industrial.	 Estudios	 bibliográficos	 y	 experimentales	 permitieron	 la	
selección	 de	 una	 nueva	 enzima	 capaz	 de	 sintetitzar	 más	 gaxilosa,	 llegando	 a	 un	
rendimiento	 del	 35%	 utilizando	 3,3	 veces	 menos	 enzima	 (con	 la	 consecuente	
disminución	 de	 los	 costes	 de	 producción).	 Aunque	 la	 nueva	 enzima	 presentaba	 una	


















































































































































































































































































































































































































































































































































































































Lactose	 is	 the	main	source	of	 sugar	 in	all	mammals’	milk	 (42-70	g/L)	 1,	 except	 for	
the	sea	lion	2.	Human	milk	contains	7%	of	lactose,	which	is	the	most	important	energy	
source	 during	 the	 first	 year	 for	 human	 life	 3.	 Lactose	 concentration	 in	 milk	 varies	
widely	between	species	(e.g.	<1%	in	dolphins,	5%	in	domestic	ruminants,	10%	in	green	
monkeys4).	 Moreover,	 the	 milk	 of	 a	 particular	 species	 varies	 with	 the	 breed,	 health,	
nutritional	status,	stage	of	lactation	or	age.		
Lactose	has	no	flavour	and	low	sweetness	(30%	compared	sucrose).	Therefore,	it	is	
widely	 used	 to	 reduce	 the	 overall	 sweetness	 in	 confectionery	 and	 other	 products.	 In	
addition,	 lactose	 is	 a	 reducing	 sugar	 that	 enhances	 colour	 and	 flavour	 generation	 in	
many	 bakery	 products	 via	 Maillard	 and	 Strecker	 reactions	 (Box	 i.	 1).	 In	 food	 and	
confectionery	industries,	lactose	is	commonly	used	as	a	filler	or	flavour	carrier	5.	When	




numerous	 nutritional	 products.	 One	 of	 the	 main	 applications	 of	 lactose	 is	 in	 the	
preparation	of	 infant	formula.	Moreover,	 it	 is	also	used	in	pharmaceutical	 industry:	 in	





Lactose	 is	 a	 disaccharide	 made	 up	 of	 glucose	 and	 galactose	 bonded	 by	 a	 β-1,4	
linkage.	 It	 is	 formed	 within	 the	 Golgi	 apparatus	 in	 the	 epithelial	 cells	 of	 mammary	
glands	10.	
It	 is	synthesised	 from	glucose,	which	 is	activated	and	 isomerized	 to	UDP-galactose	




Maillard	 reaction	 involves	 reaction	 between	 an	 aldehyde	 (from	 reducing	 sugars)	 and	 an	
amino	 group	 (in	 foods,	 mainly	 NH2	 group	 of	 lysine	 in	 proteins)	 at	 high	 temperature.	 The	
Maillard	 reaction	has	desirable	 consequences	 in	many	 foods	 (e.g.	 coffee,	 bread,	 crust,	 toast,	
french	 fried	 potato	 products)	 and	 it	 is	 responsible	 for	many	 colours	 and	 flavours	 in	 those	








do	 not	 become	 limiting	 during	 postnatal	 early	 development.	 Galactose,	 and	 its	 by-
products,	has	a	central	role	in	eukaryotes	in	the	biosynthesis	of	complex	carbohydrates,	
glycoproteins	 and	 glycolipids.	 In	 humans,	 galactose	 is	 particularly	 important	 in	 early	
development	 and	 it	 has	 crucial	 structural	 function,	 for	 example,	 for	 the	 brain	 11,12.	
Additionally,	 the	 sugars	 present	 in	 milk	 are	 a	 determinant	 factor	 in	 neonatal	 host	
defense	and	inflammatory	processes	due	to	their	prebiotic	effect,	and	are	an	important	
source	of	energy	in	infants	13,14.	Genetic	disorders	that	impair	its	metabolism	inevitably	
cause	 disease,	 drawing	 attention	 to	 its	 key	 role.	 It	 has	 been	 studied	 that	 deficient	
activity	 of	 any	 of	 the	 enzyme	 of	 galactose	 metabolism	 (Leloir	 pathway)	 leads	 to	
galactosemia:	a	potentially	 lethal	disorder	during	the	neonatal	period	14,15.	 In	addition	







intestinal	 mucosa,	 takes	 place	 in	 the	 first	 part	 of	 small	 intestine	 via	 the	 enzymatic	
reaction	 catalysed	 by	 the	 lactase	 enzyme	 (lactase-phlorizin	 hydrolase,	 LPH,	 EC	
3.2.1.23/62)	(Box	i.	2).	Lactase	is	an	integral	membrane	glycoprotein	of	the	intestinal	
brush	border	membrane,	anchored	into	the	membrane	by	 its	C-terminal	end	with	the	
bulk	of	 the	enzyme	projecting	 into	the	 lumen	of	 the	gut.	This	enzyme	is	expressed	by	

















as	 lactose	 non-persistence	 (also	 referred	 as	 adult-type	 hypolactasia	 or	 lactase	
restriction).	 The	 reduction	 of	 lactase	 activity	 begins	 between	 2	 and	 3	 years	 and	 is	




Reduction	 of	 the	 expression	 or	 the	 activity	 of	 intestinal	 lactase	 allows	 lactose	 to	
reach	 the	 large	 intestine	 since	 intestinal	 epithelium	 does	 not	 have	 mechanisms	 to	
uptake	disaccharides	or	higher	carbohydrates.	Lactose	in	the	colon	is	fermented	by	gut	
microflora	leading	to	the	production	of	short	chain	fatty	acids	(SCFA)	and	gas	(H2,	CO2,	
CH4).	 In	 addition,	 the	presence	 of	 lactose	 in	 the	 colon	has	 an	 osmotic	 effect,	 drawing	
water	 in	 from	 the	 blood.	 Products	 of	 bacterial	 digestion	 can	 cause	 discomfort	 with	
symptoms	as	diarrhoea,	gas	bloat,	flatulence	and	abdominal	pain	21.	These	products	can	
also	 cause	 systemic	 symptoms	 such	 as	 headaches,	 loss	 of	 concentration	 or	 heart	
arrhythmia	 22.	 Lactose	 intolerance	 depends	 not	 only	 on	 the	 expression	 of	 lactase	 but	
also	on	 the	 intestinal	 flora,	 gastrointestinal	motility,	dose	of	 lactose,	 sensitivity	of	 the	
gastrointestinal	 tract	 to	 gas.	 Only	 when	 lactose	 malabsorption	 is	 associated	 with	
clinical	 symptoms	 (bloating,	 flatulence,	 abdominal	 pain	 and	 diarrhoea)	 lactose	
intolerance	can	be	diagnosed	
Reduction	of	lactase	activity	may	be	caused	by	different	mechanisms:	
• Congenital	 loss	 (congenital	 lactase	 deficiency,	 CLD).	 This	 is	 a	 rare	 autosomal	
recessive	 disease	where	 enzymatic	 activity	 is	 absent	 or	 reduced	 23.	 The	most	
common	 genotypes	 identified	 in	 CLD	patients	 include	 premature	 stop	 codons	
and	 truncated	 protein	 as	 a	 result	 of	 frame	 shifts,	 missense	 mutations	 in	 the	
coding	region	or	exon	duplication	24–28.	
Lactase	is	encoded	by	a	single	gene	(LCT)	of	50	kbp	on	chromosome	2	398.	The	gene	has	
17	 exons	 and	 encodes	 a	 pre-protein	 of	 1,927	 amino	 acid	 residues.	 The	 protein	 is	
composed	of	 five	domains:	1)	cleaved	signal	of	19	amino	acids;	 2)	a	 large	pro	portion	of	
847	residues,	 those	do	not	appear	 in	mature	LPH;	 3)	the	mature	LPH	with	two	catalytic	





• Secondary	 lactase	 deficiency.	 This	 lactase	 deficiency	 that	 results	 from	 small	




varies	 among	 ethnic	 groups	 (Asia	 80-100%,	 Africa	 70-95%,	 USA	 15-80%,	
Europe	 15-70%).	 It	 is	 an	 autosomal	 recessive	 condition	 resulting	 from	 a	
developmentally	regulated	change	of	 the	 lactase	gene	product,	 responsible	 for	
reduced	synthesis	of	the	precursor	protein.		The	persistence	or	non-persistence	
of	the	expression	of	LPH	is	associated	with	polymorphism	C/T	13910.	It	is	one	
substitution	 in	 the	 sequence	 that	 regulates	 the	 gene:	 while	 genotype	 CC	
correlate	with	hypolactasia,	genotype	TT	with	lactase	persistence	26,28–32.		
	
Lactose	 intolerance	 is	managed	 through	 the	 avoidance	 of	 lactose	 containing	 food.	






in	 the	world	 continue	 to	 produce	 lactase	 throughout	 adulthood	 and	 thus	 are	 able	 to	
digest	 lactose	without	 discomfort	 31.	 Humans	 are	 the	 only	 species	 on	 the	 planet	 that	
drink	milk	from	other	species.	Since	lactase’s	only	function	is	the	digestion	of	lactose	in	
milk,	most	mammalian	species	reduce	that	activity	after	weaning.	Lactase	persistence	
in	 humans	has	 evolved	 as	 an	 adaptation	 to	 the	 consumption	 of	 non-human	milk	 and	
dairy	 products	 consumed	beyond	 infancy.	During	 human	 evolution,	 some	 individuals	
experienced	 a	 mutation	 in	 the	 LTC	 gene	 that	 allowed	 to	 digest	 lactose	 when	 they	
became	adults.	












The	 correlation	 of	 lactase	 persistence	 phenotype	 with	 the	 cultural	 practise	 of	
milking	 has	 raised	 the	 hypothesis	 that	 this	 trait	 has	 been	 subject	 to	 strong	 positive	
selection	 34,35.	 In	 the	 1970s	 it	 was	 established	 that	 LP	 has	 a	 genetic	 cause	 and	 it	 is	
inherited	in	an	autosomal	recessive	manner	36,37.	In	the	early	1980s,	it	was	shown	that	
it	 is	 caused	 by	 a	 cis-acting	 element	 38–40.	 Further	 investigation	 of	 the	 molecular	
mechanism	as	well	 as	 the	evolutionary	 forces	 is	however	needed	 to	 fully	understand	
this	variation,	which	is	providing	an	important	model	for	understanding	gene/culture	
co-evolution	 and	 disease	 susceptibility.	 It	 has	 become	 clear	 that	 there	 are	 multiple,	





Hypolactasia	 is	a	 common	condition,	which	causes	unspecific	 symptoms.	 It	 cannot	
be	 diagnosed	 on	 the	 basis	 of	 symptoms	 alone,	 and	 patients	 do	 not	 always	 link	 their	
symptoms	with	 the	 consumption	of	dairy	and	other	 lactose-containing	products.	 It	 is	
therefore	important	to	have	simple	and	convenient	methods	to	diagnose	this	disorder.	
Several	 methods	 have	 been	 developed	 to	 evaluate	 lactose	 malabsorption	 21,44–46.	
They	can	be	classified	as	invasive	or	non-invasive	methods:	
a)	Invasive	methods:	
• MUCOSAL	BIOPSY	 from	the	duodenum	has	been	 the	 reference	standard	
test	for	years.	It	is	based	on	direct	determination	of	the	lactase	activity	








parts:	 one	 part	 for	 microscope	 and	 histological	 examination	 and	 the	
other	 for	 disaccharidase	 assay.	 The	 assay	 measures	 glucose	 formed	




of	 disaccharidase	 assay	 is	 that	 it	 provides	 a	 direct	 answer	 to	 the	
question	 as	 to	 whether	 the	 patient	 has	 hypo-	 or	 normolactasia;	
moreover,	 it	 allows	 examination	 of	 the	mucosa	 to	 discard	 its	 damage.	
However,	 it	 is	 an	 invasive	 method	 that	 requires	 special	 laboratory	
equipment	 as	 X-ray	 control	 and	 there	 is	 also	 a	 risk	 of	 serious	





• GENETIC	 TESTS.	 The	 genetic	 analysis	 identified	 a	 single	 nucleotide	
polymorphism	 that	 shows	 complete	 association	 with	 the	 lactase	 non-
persistence/persistence	 and	 is	 characterized	 by	 a	 C	 to	 T	 change	 (CC-	
associated	with	adult	hypolactasia,	TT	with	 lactase	persistence)	44,49–51.	
Genotyping	of	 lactose	tolerance	test	has	 limitations,	because	a	positive	










test	 is	 considered	 positive	 if	 the	 H2	 concentration	 in	 the	 exhaled	 air	
exceeds	20	ppm	53–56.	It	is	one	of	the	most	used	methods	due	to	its	non-
invasive	 methodology;	 nevertheless	 some	 factors	 can	 produce	 false	
negatives	or	false	positives	because	of	conditions	affecting	the	intestinal	
flora,	 lack	 of	 hydrogen-producing	 bacteria,	 intestinal	 motility	 or	 slow	
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intestinal	 bacterial	 growth	 45.	 Its	 main	 drawback	 is	 the	 discomfort	 in	
lactose	 intolerance	patients	 after	 the	 administration	of	 a	 large	dose	of	
lactose.	
• EVALUATION	 SYMPTOMS	 (nausea,	 blotting,	 diarrhoea,	 abdominal	 pain)	
developed	after	ingestion	of	lactose	(i.e.	50	g)	54.	
• LACTOSE	 TOLERANCE	 TEST	 (LTT)	 is	 based	 in	 the	 measurement	 of	 the	
increase	in	blood	glucose	after	 lactose	ingestion.	After	a	standard	dose	
of	50	g	lactose,	blood	samples	are	taken	at	intervals	of	15	to	20	min.	It	
has	 been	 recommended	 that	 samples	 are	 taken	 in	 those	 intervals,	
especially	in	children,	because	glucose	is	rapidly	absorbed	and	utilized.	
It	 is	 commonly	 used	 because	 the	 test	 only	 needs	 blood	 glucose	
determination,	which	 is	 available	nearly	everywhere.	Nevertheless	 the	
method	 is	 not	 very	 reliable	 in	 diabetic	 patients	 and	 its	 results	 can	 be	
misleading	due	to	hormonal	influences	on	glucose	levels.	Also	can	lead	
to	false	positives	in	patients	with	delayed	gastric	emptying	46,57,58.	
• LACTOSE	 TOLERANCE	 TESTS	 WITH	 ETHANOL	 (LTTE).	 Determination	 of	











absorbed	 from	 the	 intestine	without	demethylation,	 transported	 across	 the	 intestinal	
mucosa	65,	and	detected	in	urine	by	gas	chromatography	analysis	(Box	i.	3).	The	main	
drawback	 for	 the	 application	 of	 this	 method	 is	 the	 need	 of	 specialised	 analytical	
facilities	(gas	or	liquid	chromatography)	and	the	toxicity	of	the	compound’s	reported.	
Later	 on,	 an	 improved	method	





Analysis	 of	 3-O-methylglucose	 include	 urine	
collection	 before	 and	 after	 administration.	 Then,	








While	 galactose	 is	 phosphorylated	 and	 metabolized,	 xylose	 is	 passively	 absorbed	
from	 the	 small	 intestine	 and,	 although	 a	 small	 portion	 may	 be	 metabolized	 (not	
phosphorylated)	(Box	 i.	4),	 it	 is	mainly	eliminated	through	the	urine	where	 it	can	be	
measured	 using	 a	 simple	 colorimetric	 procedure	 68–70.	 Moreover	 it	 also	 can	 be	
measured	in	blood.	The	amount	of	xylose	is	a	




















4-,	 3-,	 and	 2-galactosylxylose	 were	
analysed	 to	 find	 the	 best	 correlation	
with	 lactase	 activity	 in	vivo.	 The	 4-O-
β-D-galactopyranosyl-D-xylose	 was	
the	 isomer	 with	 the	 best	 diagnostic	
and	clinical	correlation	400.	
Box	i.	4.	Xylose:	transport	and	metabolism	
The	 transport	 of	 xylose	 across	 the	
mucosal	 border	 is	 completely	
diffusional	401,402;	therefore	it	does	not	
involve	 phosphorylation	 step	 403.	 It	 is	
described	that	some	amount	of	xylose	
is	catalysed	in	the	kidney	and	liver	and	




o-toloudine	 reactions	 73,74,	 gas	 chromatography	 (GC)	 with	 previous	 chemical	
modification	69,75,	high	performance	 liquid	chromatography	(HPLC),	high	performance	
anion	 exchange	 chromatography	 (HPAEC)	 or	 even	 with	 enzymatic	 reactions	 76.	
Although	 HPLC	 and	 HPAEC	 are	 regarded	 as	 the	 best	 methods	 for	 sugar	 analysis,	
qualitatively	 and	 quantitatively,	 they	 require	 high-cost	 analytical	 columns,	 effluent	
reagents,	and	instrumentation	maintenance.	
The	 most	 widely	 used	 is	 the	 phloroglucinol	 colorimetric	 method,	 due	 to	 its	
simplicity	and	reliability	(Box	i.	6).	In	addition,	the	equipment	required	is	available	in	
almost	all	clinical	laboratories.	
Non-xylose	 interfering	 constituents	 in	 the	 determination	 of	 xylose	 have	 been	
described	 70,75.	 In	 order	 to	 avoid	 intereferences,	 proteins	 are	 precipitated	 without	
affecting	 xylose	 reproducibility	 and	 recovery.	 However,	 glucose	 still	 constitutes	 the	
major	source	of	background	signal.	Therefore,	basal	blank	samples	need	to	be	included	
in	the	analysis.	







Chemical	 synthesis	 of	 4-O-β-D-galactopyranosyl-D-xylose	 comprises	 synthesis	 of	
benzyl	 β-D-xylopyranoside	 and	 that	 follows	 a	 sequence	 of	 operations	 that	 implies	
selective	 protection,	 glycosylation	 and	 deprotection	 reactions.	 The	 high	 number	 of	
steps	 of	 the	 reaction	 and	 the	 use	 of	 expensive	 reagents	 (e.g.	 silver	 triflate	 in	 the	
Box	i.	6	A	method	for	determination	of	xylose	
Xylose	determination	is	based	on	the	following	reaction:	in	a	solution	of	hydrochloric	acid,	
phloroglucinol	 gives	 color	 reaction	 with	 sugars	 or	 their	 degradation	 products,	 showing	
maximum	absorbance	at	553	nm	for	 xylose	405.	Among	different	 colorimetric	 approaches,	











In	 this	 context,	 enzymes	offer	an	attractive	 solution	with	mild	 conditions,	no	need	
for	group	protection	and	in	a	regio-	and	stereo-selective	approach.		
There	 are	 two	 main	 classes	 of	 carbohydrate	 active	 enzymes	 able	 to	 synthesise	
glycosdic	 bonds:	 glycosyltransferases	 (GTs)	 and	 glycosylhydrolases	 (GHs	 or	






diverse	 and	 complex	 collection	 of	 oligosaccharides	 and	 glycoconjugates	 found	 in	
nature.	 GTs	 catalyse	 glycosidic	 bond	 formation	 using	 activated	 sugar	 donors	 and	
acceptors.	 Donor	 sugars	 are	 most	 commonly	 activated	 in	 the	 form	 of	 nucleoside	
diphosphate	 sugars	 (e.g.	 UDP-Gal,	 GDP-Man).	 However,	 nucleoside	 monophosphate	
sugars	 (e.g.	 CMP	 NeuAc),	 lipid	 phosphates	 (e.g.	 dolichol	 phosphate	 oligosaccharides)	
and	 unsubstituted	 phosphate	 can	 also	 be	 donor	 moieties	 79.	 The	 acceptors	 can	 be	 a	
range	 of	 biomolecules	 including	 sugars,	 proteins,	 lipids	 or	 small	 molecules.	
Furthermore,	 although	glycosyl	 transfer	mostly	occurs	at	 the	nucleophile	oxygen	of	a	
hydroxyl	substituent	of	the	acceptor,	it	can	occur	at	nitrogen	(N-linked	glycoproteins),	
sulphur	 (thioglycosides	 in	 plants)	 and	 carbon	 (C-glycoside	 antibiotics)	 nucleophiles	
too.	
GTs	 have	 been	 classified	 based	 on	 sequence	 similarities	 into	 105	 families	 (as	 of	
January,	 2018)	 in	 the	 Carbohydrate	 Active	 enZymes	 data	 base	 (CAZy)	 80.	 Structural	
information	 is	 only	 available	 for	 over	 100	 GTs	 and	 mainly	 two	 different	 three	
dimensional	 folds	 are	 observed:	 GT-A	 and	 GT-B.	 Both	 folds	 are	 related	 to	 the	
nucleotide-binding	 domain	 of	 Rossmann-like	 fold	 type.	 GT-A	 topology	 consists	 of	
α/β/α	 sandwich	 that	 resembles	 a	 Rossman	 fold.	 The	 central	 β–sheet	 is	 flanked	 by	 a	
smaller	one,	and	 the	association	of	both	creates	 the	active	site.	On	 the	other	side,	 the	





defined	 as	 Leloir	 glycosyltransferases,	 whereas	 if	 they	 use	 non-nucleotide	 donors	























Its	 mechanism	 is	 still	 a	 matter	 of	 debate.	 The	 two	
proposed	 mechanisms	 are:	 i)	 a	 double	 displacement	
mechanism	via	a	covalent	intermediate	(for	GTs	with	a	
catalytic	 nucleophile)	 analogous	 to	 the	mechanism	 of	




Glycosyltransferases	 are	 attractive	 tools	 for	 the	 synthesis	 of	 oligosaccharides	
because	 they	 show	a	high	degree	of	 specificity	 and	a	 large	number	of	 these	 enzymes	
can	catalyse	the	formation	of	unique	linkages.	
They	 can	be	produced	by	 recombinant	 technology	 and	 some	 commercial	 ones	 are	
available	 at	 high	 prices.	 Moreover,	 different	 technologies	 have	 been	 developed	 for	
large-scale	 synthesis	 (production	 of	 hyaluronic	 acid	 using	 hyaluran	 synthase	 enzyme	
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Glycosyl	 hydrolases	 or	 glycosidases	 (GHs)	 are	 enzymes	 that	 catalyse	 the	
stereospecific	 hydrolysis	 of	 glycosidic	 bonds	 in	 oligo-	 and	 polysaccahrides	 or	
glycoconjugates.	 Moreover,	 GHs	 are	 also	 able	 to	 catalyse	 bond	 formation	 through	
transglycosylation	88–91.		







hydrolysed	 glycosidic	 bond	 in	 the	 substrate	 chain.	Whereas	 exo-glycosidases	 release	
mono-	or	disaccharides	from	one	of	the	chain	ends,	usually	from	the	non-reducing	end,	
endo-glycosidases	act	on	internal	glycosidic	bonds	within	the	oligosaccharide	chain.			
	This	specificity	 for	cleavage	 is	a	consequence	of	 the	active	site	 topology.	Although	








of	 the	 cleft	 (3,	 Figure	 i.	 7).	 This	 topology	 allows	 that	 the	 enzymes	 release	 the	








Glycosidases	 work	 by	 general	 acid-base	 catalysis	 involving	 glutamic	 acid	 (Glu),	






Inverting	 glycosidases	 work	 by	 a	 single	
step	 mechanism:	 protonation	 by	 the	
general	 acid	 of	 the	 glycosidic	 oxygen	 and	
aglycon	 release	 are	 coupled	 with	 the	
attack	 of	 a	 water	 molecule	 (or	 another	
sugar	molecule),	which	is	activated	by	the	
base	 residue	 (Figure	 i.	 8).	 Catalytic	
residues	 are	 located	 ~10	 Å apart	 from	
each	 other	 allowing	 the	 binding	 of	 the	
substrate(s).	
	
Retaining	 glycosidases	 operate	by	a	double-displacement	 reaction	 thanks	 to	 two	
amino	acid	residues:	a	general	acid/base	residue	which	acts	as	a	proton	donor	 in	 the	
first	step	(and	as	a	base	in	the	second)	and	a	catalytic	nucleophile.	Sometimes,	a	third	
catalytic	 residue	 is	 involved	 in	 the	 modulation	 of	 the	 pKa	 of	 the	 acid/base	 or	
nucleophile	residues	96.	In	the	first	step	(glycosylation),	the	general	acid	protonates	the	
glycosidic	 oxygen	 while	 the	 nucleophile,	 a	 deprotonated	 carboxylate,	 attacks	 the	
anomeric	 carbon	with	 simultaneous	C-O	breaking	 and	 leading	 to	 a	 covalent	 glycosyl-
enzyme	 intermediate.	 The	 second	 step,	 deglycosylation,	 involves	 the	 attack	 by	 a	
molecule	of	water	(or	another	acceptor	such	as	a	sugar)	assisted	by	the	conjugate	base	
of	 the	 general	 acid	 residue	 which	 renders	 the	 free	 sugar	 with	 retention	 of	
1)	 	 	 2)	 	 	 	 3)	
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involve	 oxocarbenium	 ion-like	 transition	 state	 and	 both	 involve	 a	 pair	 of	 carboxylic	
acids	with	different	functions	99:	acid/base	and	nucleophile	roles.	
Among	 the	 retaining	 glycosidases	 group,	 some	 GHs	 catalyse	 bond	
hydrolysis/formation	on	2-acetyl-hexosaminyl	units	of	a	glycan	(GH18	chitinases	100,101,	
GH20	hexosaminidases,	 GH85	 endo-β-N-acetylglucosaminidase).	 These	 enzymes	have	
only	 a	 single	 carboxylic	 group	 acting	 as	 general	 acid/base,	 lacking	 the	 catalytic	
nucleophile	 and,	 therefore,	 operating	 by	 substrate-assisted	 catalysis,	 where	 the	 N-








Retaining	 glycosidases	 have	 been	 employed	 in	 enzymatic	 synthesis	 of	 oligo-	 and	







products	 by	 altering	 the	 reaction	 conditions.	 This	 can	 be	 performed	 with	 different	
strategies:	 a)	 minimizing	 water	 activity	 in	 the	 reaction	 with	 the	 addition	 of	 water-
miscible	 organic	 co-solvents,	 often	 limited	 by	 low	 organic	 contents	 due	 to	 enzyme	




a	 glycosyl	 acceptor	 than	 water.	 This	 strategy	 relies	 on	 the	 fast	 formation	 of	 the	
intermediate	 from	 an	 activated	 donor,	 with	 a	 good	 leaving	 group	 (such	 an	 aryl	





Although	 glycoside	 bond	 formation	 is	 kinetically	 favoured,	 hydrolysis	 is	 still	
thermodynamically	preferred	because	the	product	is	a	substrate	for	the	enzyme	itself,	
and	thus	the	equilibrium	is	shifted	towards	hydrolysis.	
	Hydrolysis	 competes	with	 transglycosylation	by	means	of	 two	processes:	primary	
hydrolysis	 (donor	 hydrolysis)	 and	 secondary	 hydrolysis	 (hydrolysis	 of	 the	 product	
formed	 by	 transglycosylation).	 In	 order	 to	 avoid	 secondary	 hydrolysis	 several	
strategies	 have	 been	 developed	 110;	 such	 as	 removal	 of	 synthesis	 products	 from	 the	
reaction	 (crystallization	 or	 insolubilization	 of	 the	 product	 111),	 absorption	 of	 the	
product	 112,	 transformation	 of	 the	 product	 into	 another	 compound	 that	 is	 non-




abundant,	 easy	 to	 produce	 and	 very	 stable,	 in	 contrast	 to	 GTs.	 Furthermore,	






of	 an	 exo-glycosidase,	 while	 Planas	 and	 colleagues	 114	 introduced	 the	 glycosynthase	
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concept	 for	 endo-glycosidases.	 Glycosynthases	 are	 engineered	 retaining	 glycoside	
hydrolases	in	which	the	catalytic	nucleophile	has	been	replaced	by	a	non-nucleophilic	
residue.	 They	 are	 inactive	 hydrolases	 but	 able	 to	 catalyse	 glycosyl	 transfer	 to	 an	
acceptor	 when	 using	 activated	 glycosyl	 fluoride	 donors	 with	 opposite	 anomeric	
configuration	than	the	original	wild	type	enzyme.	Donor	mimics	the	covalent	glycosyl-
enzyme	intermediate	and,	in	the	presence	of	an	acceptor,	deglycosylation	occurs.	
In	 a	 one-step	 inverting	 mechanism,	 the	 catalytic	 residue	 acts	 as	 a	 base	 to	






glycosyl-enzyme	 intermediate	 can	 be	 formed;	 therefore,	 once	 the	 transglycosylation	
product	is	synthesised,	it	cannot	be	hydrolysed	by	the	enzyme	and	thus	higher	product	
yields	may	be	achieved.	
Most	 glycosynthases	 are	 derived	 from	 retaining	 glycosidases.	 Glycosynthases	
originated	 by	 protein	 engineering	 from	 exo-glycosidases	 have	 moderate	 substrate	
specificity	and	regioselectivity	and	can	synthesise	up	to	tetra-oligosaccharides.	On	the	
other	 hand,	 endo-glycosynthases	 generally	 present	 higher	 regioselectivity	 and	 more	
specificity.	Additionally,	they	can	synthesise	longer	oligosaccharides	because	they	have	
long	 glycan-binding	 sites	 to	 accommodate	 longer	 glycosyl	 donor	 substrates	 115–119.	
More	recently,	endo-glycosynthases	are	being	developed	for	the	enzymatic	synthesis	of	
artificial	polysaccharides	and	functionalised	polysaccharides	89,91,120,121.	
Simple	 and	 general	 screening	methods	 to	 select	 glycosynthase	mutants	 have	been	
developed:	most	of	them	using	glycosyl	fluorides	as	donors.	Some	methods	rely	on	the	
pH	drop	caused	by	 the	release	of	hydrofluoric	acid	when	glycosidic	 linkage	 is	 formed	
122.	Other	methods	are	based	on	the	use	of	a	specific	chemical	sensors	(silyl	ether	of	a	








endo-transglycosylases	 of	 GH16,	 sucrose	 enzymes	 of	 GH13	 and	 GH70,	 sialidases	 of	
GH33)124.	 For	others	GHs,	modification	of	 the	 transglycosidase/hydrolyse	 (T/H)	 ratio	





interactions	 with	 the	 donor	 (first	 or	 second	 shell	 of	 interactions)	 to,	 consequently,	
develop	 new	 transition	 state	 structure	 that	 lower	 the	 efficiency	 of	 water-mediated	
deglycosylation	130–133.	Subsite	+1	modifications	are	focused	in	the	second	step	of	the	








β–Galactosidases	 (EC	3.2.1.23)	are	widespread	 in	many	organism	 including	plants,	
animals	and	microorganism	such	as	fungi,	bacteria	and	yeast.		
These	 enzymes	 hydrolyse	 galactosyl	 residues	 from	 polysaccharides,	
oligosaccharides	or	secondary	metabolites.	β–Galactosidases	are	mainly	found		in	four	
GH	 families	described	 in	CAZy:	GH1,	GH2,	GH35	and	GH42	*,	 all	 of	 them	belonging	 to	
clan	GH-A	(clans	are	groups	of	families	sharing	a	fold	and	catalytic	machinery).	




The	 removal	 of	 lactose	 from	 dairy	 products	 contributes	 to	 the	
digestibility,	 taste	and	organoleptic	properties	and	 improved	processing	









(Glc	and	Gal	are	 four-fold	sweeter	 than	 lactose);	 in	addition,	 lactose	 is	a	
hygroscopic	 sugar	 and	 has	 a	 strong	 tendency	 to	 absorb	 flavours	 and	
odours	 and	 causes	 many	 defects	 in	 refrigerated	 products	 such	 as	
crystallization	 in	 dairy	 foods,	 development	 of	 sandy	 and	 gritty	 texture	
and	deposit	formation	140,141.	
The	main	drawbacks	of	 these	enzymes	are	 their	 slow	 rate	of	hydrolysis	
and	 their	 high	 cost	 142.	 To	 overcome	 this	 problem,	 enzymes	 can	 be	
immobilized.	The	enzyme	immobilization	has	proven	to	increase	enzyme	
thermostability	 and	 enzymatic	 activity	 143.	 The	 immobilization	 protocol	
needs	 to	 be	 simple	 and	 preferably	 use	 inexpensive	 inert	 insoluble	
materials.	 There	 are	 several	 methods	 to	 immobilize	 enzymes	 such	 as	
entrapment	 (e.g.	 with	 calcium	 alginate	 144,145),	 covalent	 binding	 (e.g.	 on	
glutaraldehyde-activated	 chitosan	 macropaticles146,)	 or	 physical	
adsorption	(e.g.	with	sephadex	or	chitosan	beads	147).	Moreover,	for	food	
or	 pharma	 applications,	 nontoxicity	 and	 biocompatibility	 are	 also	
required	148.	
b) PRODUCTION	 OF	 GALACTOSYLATED	 PRODUTCS	 (transgalactosylation	
activity).	
Galacto-oligosaccharides	(GOS)	are	used	as	non-digestible,	carbohydrate-




mixture	 of	 those	 substances	 produced	 from	 lactose,	 which	 comprise	
between	 two	and	eight	saccharide	units,	with	one	of	 these	units	being	a	
terminal	glucose	and	the	remaining	saccharides	units	being	galactose	150.	
Currently,	 GOS	 are	 produced	 using	 lactose	 as	 substrate	 and	 a	 GH	 as	
catalyst	 to	 produce	 high-GOS-content	mixtures.	 GHs	 need	 to	 have	 good	
ability	 to	better	perform	 transgalactosylation	 relative	 to	hydrolysis,	 and	
additionally	 have	 low	 affinity	 for	 the	 formed	 GOS	 138,151,152.	 Using	 high	
initial	 lactose	 concentration	 (30-40%,	 weight/volume)	 yields	 can	
increase.	High	temperatures	significantly	increase	GOS	yield	due	to	higher	
lactose	 solubility.	 This	 latter	 approach	 can	 only	 be	 attained	when	using	





Biosensors	 are	 important	 tools	 in	 a	 variety	 of	 fields	 including	
immunoassays,	 toxicology	 analysis,	 forensics,	 drug	 screening,	 gene	
expression	 analysis,	 gene	 identification,	 agro	 diagnostics	 and	
pharmacogenetics.	It	combines	the	selectivity	of	molecular	recognition	of	
the	 biomolecules	 and	 the	 sensitivity	 of	 the	 signal	 traducers.	 A	 wide	
variety	of	biosensors	have	been	developed	using	different	bio-recognition	
elements	 such	 as	 enzymes,	 antibodies,	 peptides,	 whole	 cells	 or	 nucleic	
acids.	Quality	control	of	milk	and	its	derivates	is	a	very	demanding	field.	
β–Galactosidase	 can	 be	 covalently	 immobilized	 onto	 gold-coated	
magnetoelastic	film	via	a	self-assembled	monoloyer	of	–carboxylic	acid	
alkylthiol.	 The	 application	 of	 magneoelastic	 transduction	 allowed	 for	
wireless	monitoring	of	enzymatic	activity	 through	the	associated	changes	
in	the	frequency	and	amplitude	of	magnetic	fields	158.		
The	enzyme	has	many	analytical	uses,	being	a	 favourite	 label	 in	various	
affinity	 recognition	 techniques	 such	 as	 enzyme	 linked	 immunosorbent	
assays	 (ELISA).	 Luckacheva	 et	 al.	 159	 developed	 a	 procedure	 fot	 the	
determination	 of	 glucose	 and	 lactose	 in	 food	 products	 with	 the	 use	 of	
biosensors	 based	 on	 Berlin	 Blue.	 Signal	 transducer	 linked	 to	 hydrolytic	
activity	 (Berlin	 blue	 159)	 is	 used	 to	 determine	 the	 remaining	 amount	 of	
lactose	 in	 food.	 Briefly,	 lactose-fermenting	 microorganisms,	 are	 mixed	







β-Galactosidase,	 the	 product	 of	 the	
lacZ	gene	of	the	lac	operon	of	E.	coli,	has	
a	 rich	 and	 large	 history	 in	 molecular	
biology	 and	 biochemistry.	 It	 played	 a	
central	 role	 in	 Jacob	 and	 Monod’s	
development	 of	 the	 operon	 model	 for	
the	regulation	of	gene	expression	 161.	 It	
Box	i.	7.	Components	of	lac	operon	
The	 lacZ	 gene	 codes	 for	 the	 cytoplasmaic	
enzyme	 β-galactosidase.	 The	 lacY	 gene	
encodes	 the	 Lac	 permease,	 a	 cytoplasmic	
















4-chloro-3-indolyl-β-D-galactoside	 (X-gal).	 This	 colourless	 molecule	 is	 hydrolysed	 by	





its	Nterminus	can	be	replaced	by	other	 terminus	of	various	sequences	and	 lengths	 162,163.	
There	are	two	types	of	LacZ	 fusions	164:	transcriptional	mode,	where	the	 lac	operon	is	










The	 blue-white	 technique	 allows	 detecting	 if	 DNA	 of	 interest,	 the	 insert,	 is	 ligated	 into	 a	
vector	or	not.	The	vector	carries	within	the	lacZα	sequence	an	internal	multiple	cloning	site.	
DNA	 ligated	 into	 the	 plasmid	 disrupts	 the	 α-peptide	 and	 therefore	 a	 non-functional	
galactosidase	is	formed	(insertional	inactivation).	Once	cells	are	transformed,	the	presence	
of	 an	 active	 or	 inactive	 galactosidase	 can	 be	 detected	 using	 X-gal	 in	 LB-plates.	 Cells	
transformed	with	vectors	containing	recombinant	DNA	will	produce	white	colonies	(insert	
breaks	the	gene);	while	cells	transformed	with	non-recombinant	plasmids	(vector	without	











The	 β-galactosidase	 from	 E.	 coli	 has	 three	 enzymatic	 activities.	 Firstly,	 the	
enzyme	can	hydrolyse	lactose	to	form	galactose	and	glucose,	the	latter	being	then	able	
to	 enter	 glycolysis.	 Secondly,	 it	 is	 also	 able	 to	 convert	 lactose,	 through	
transgalactosylation,	to	another	disaccharide:	allolactose,	which	is	the	natural	 inducer	







contains	 more	 than	 9,000	 entries,	 with	 nearly	 150	 characterized,	 most	 of	 them	 β-
galactosidases	166.	




Lactose	 is	 transform	 to	
allolactose,	 which	 binds	
to	 the	 lac	 repressor	 and	
reduces	its	affinity	for	the	
lac	operon.	The	 lacZ	gene	









functions	 independently,	 and	 that	 shows	
no	 cooperativity	 or	 allosteric	 effects.	
There	 is	a	continuous	system	of	channels	
running	 along	 the	 surface	 within	 the	
tetramer.	These	channels	(5-20	Å)	appear	
to	 be	 accessible	 to	 bulk	 solvent;	 the	 four	
active	 sites	 are	 1	 at	 the	 bottom	 of	 such	
surface	 channels.	 It	 has	 been	 described	
that	 β-galactosidases	 exposes	 more	





While	 the	 long	 interface	 is	 fairly	 planar,	 the	 activating	 is	 S-shaped.	 This	 interface	 is	















of	 lysine	 and	 tyrosine	 compared	 to	 most	
proteins.	 It	 is	 due	 the	 content	 of	 39	
residues	 of	 tryptophan	 explains	 the	 high	

















The	 third/central	 domain	 (D3)	 is	 the	 catalytic	 one.	 It	 is	 an	 eight-stranded	 α/β	
barrel	 that	 is	 called	 triose	 phosphate	 isomerase	 (TIM)	 or	 α8β8	 barrel	 fold	 with	 the	
active	 site	 forming	 a	 deep	 pocket	 at	 the	 C-terminal	 end	 of	 the	 barrel.	 Moreover,	 the	
active	 site	 is	 also	 formed	 by	 amino	 acids	 from	 other	 parts	 in	 the	 same	 polypeptide	





It	has	been	described	 that	domains	1,	2,	4	and	5	are	 independent	 folding	modules	
that	serve	to	supplement	or	to	modify	the	central	role	of	catalytic	domain	172.	Domain	1	
(D1)	fills	one	end	of	the	cleft	in	the	catalytic	domain	with	two	loops	(blue	in	Figure	i.	
17).	Residues	of	 these	 two	 loops	 interact	with	 the	non-reducing	end	of	 the	galactosyl	
moiety,	giving	the	enzyme	specificity	and	defining	the	shape	of	the	binding	site.	Domain	
1	 structure	 is	 similar	 to	 a	 cellulose	 binding	 domain	 (CBD),	 domains	 that	 usually	 are	
separated	from	their	catalytic	domains	by	flexible	linkers	(domain	2).	Domain	2	(D2)	
(red	 in	 Figure	 i.	 17)	 possesses	 residues	 that	 interact	 with	 the	 active	 site	 of	 a	
neighbouring	 subunit	 via	 a	 loop	 that	 reaches	 across	 a	 subunit	 interface,	 helping	 to	








i.	 17)	 is	 uncommon	 in	 β-galatosidases.	 Probably	 its	 function	 is	 to	 act	 as	 a	 linker	
between	domains	three	and	five.	Domain	5	(D5)	(orange	in	Figure	i.	17)	fills	the	other	
part	of	the	cleft,	opposite	to	D1,	and	its	residues	also	interact	with	the	substrate.	Its	role	


























There	 are	 two	 substrate	 binding	modes	 in	 β-galactosidase:	 a	 shallow	 and	 a	 deep	
mode.	 Substrate	 binds	 the	 free	 enzyme	 initially	 in	 a	 shallow	 mode	 and	 stacks	 with	
Trp999.	 It	 interacts	with	van	der	Waals	 forces	and	takes	a	position	parallel	 to	 it	with	
the	galactosydic	oxygen	centred	over	the	indole	173.	Moreover,	there	are	specific	bonds	
to	 each	 of	 the	 hydroxyls	 of	 the	 galactosyl	 component	 of	 the	 substrate	 in	 the	 shallow	
site.	There	are	no	specific	bonds	with	the	other	part	of	the	molecule	(such	as	glucose	in	
lactose,	 o-nitro	 group	 in	 oNPG).	 In	 this	 position,	 the	 substrate	 is	 bound	 pre-












some	transition	state	analogues	bind	to	 the	enzyme.	 It	 is	partly	closed	when	covalent	
intermediate	 is	present.	Gly794	has	an	 important	role:	 it	 is	a	 “hinge”	 for	opening	and	
closing	 the	 loop.	 It	 has	 been	
studied	 that	changes	 to	another	
amino	 acids	 cause	 changes	 in	




than	 any	 other	 residues	 in	 the	
loop.	Serine	appears	to	act	like	a	
two-way	 “clasp”	 that	 aids	 in	
keeping	 the	 loop	either	open	or	
closed	 depending	 on	 reaction	
stage.	Hydrophobic	and	H-bonding	properties	of	Ser796	result	in	interactions	that	are	
strong	enough	to	stabilize	the	open	or	the	closed	conformations	of	the	loop,	depending	
on	 the	 stage	 of	 the	 reaction,	 but	 weak	 enough	 to	 allow	 loop	 movement	 during	 the	
reaction	175	(Box	i.	11).	
The	 second	 conformation	 change	 is	 related	 to	 residue	 Phe601.	 The	 side	 chain	 of	
Phe601	swings	approximately	60o	while	interacting	with	the	hydroxymethyl	moiety	of	
galactose.	 It	 is	 most	 likely	 pushed	 by	 the	 C6	 of	 the	 galactosyl	 part	 of	 the	 substrate	
whilst	 it	moves	 into	deep	binding	mode	prior	 to	 the	 formation	of	 the	 transition	state	
(orange	 and	 grey	 in	 Figure	 i.	 18)	 Three	 more	 residues	 are	 important	 for	 loop	
conformations,	despite	not	conforming	the	core	of	the	loop	176:	Arg599	which	plays	an	
important	role	in	anchoring	the	open	conformations	of	Phe601	and	active-site	loop	177;	
Met542	that	acts	as	a	guide	 for	 the	movement	of	 the	benzyl	side	chain	of	Phe601	178;	
and	 Glu	 808	 that	 interacts	 with	 Ser796	 of	 the	 active	 loop	 in	 open	 conformation	 175	
(Figure	i.	19)	
Box	i.	11.	Analysing	deeply	Ser796	
Ser796	 substitutions	 were	 carried	 out	 to	 understand	
the	role	of	this	residue	175.		
- The	alanine	substitution	causes	the	loop	to	highly	
favour	 the	 closed	 position	 because	 of	 better	
hydrophobic	 interactions	 with	 Phe601.	
Additionally,	interactions	in	the	open	form	are	lost	
due	the	hydroxyls	are	not	present.		
- Threonine	 causes	 the	 open	 form	 predominanate	
because	 probably	 its	 methyl	 group	 is	 within	 van	
der	 Waals	 distance	 of	 the	 side	 chain	 of	 Ile793,	
Ala805	nd	Val807,	ande	gamma	carbon	of	Glu808,	
creating	a	hydrophobic	cluster.	





















Gaxilose	 (4-O-β-D-galactopyranosyl-D-xylose)	 synthesis	 in	 a	 classical	 chemical	
reaches	a	maximum	of	9%	overall	yield,	which	is	makes	it	too	inefficient	for	industrial	
production.	 In	 this	 scenario,	 enzymes	 represent	 a	 good	 alternative,	 allowing	 region-	
and	stereo-selective	synthesis	under	mild	conditions.	
In	 the	 early	 1990’s,	 a	 group	 from	 General	 Organic	 Chemistry	 Institute	 of	 CSIC	
(Madrid)	 in	 collaboration	 with	 a	 group	 from	 Biochemistry	 Department	 from	
Universidad	 Autónoma	 de	Madrid	 (UAM)	 performed	 some	 studies	 attaining	 gaxilose	
synthesis	by	exploiting	the	transgalactosylation	activity	of	β-galactosidase	from	E.	coli,	
oNPG	or	lactose	as	donors	and	diverse	substituted	β-D-xylopyranosides.	They	reported	
different	 yields	 and	 regioselectivities	 depending	 on	 the	 substitution	 of	 the	 anomeric	
position	of	xylose	179–181.	
In	an	attempt	to	increase	yield	production,	various	enzymes	of	diverse	sources	were	




bacterial	 galactosidased	 from	E.	 coli,	one	 fungal	 enzyme	 from	Aspergillus	oryzae,	 one	
from	 yeast	 Saccharomyces	 fragilis	 and	 three	 from	mammalian	 β-galactosidases	 from	
bovine	 testes,	 from	 bovine	 liver	 and	 the	 intestinal	 lactase.	 Different	 yields	 and	
regioselectivities	 were	 achieved	 with	 those	 enzymes.	 In	 particular,	 β-galactosidase	
from	E.	coli	and	from	bovine	testes	showed	the	highest	yield	and	selectivity	for	gaxilose	
182.	Enzymatic	conditions,	using	β-galactosidase	from	E.	coli,	were	optimized	evaluating	










of	 selectivity	was	observed	at	pH	5.0.	Temperature	decreases	 regioselectivity.	On	 the	
other	 hand,	 to	 work	 at	 lower	 temperatures	 required	 a	 larger	 amount	 of	 enzyme	 to	
complete	 the	 reactions	 (even	 12-fold	 more).	 The	 best	 results	 in	 terms	 of	 enzyme	
efficiency	and	yield	were	at	37oC	in	pH	7.0	buffer.		
In	 2004,	 a	 patent	 was	 published	 to	 protect	 the	 enzymatic	 procedure	 of	 gaxylose	
synthesis	 (EP	1	408	118	B1).	The	authors	reported	a	method	 that	showed	50%	yield	




Cosolvent	 T	(oC)	 pH	 Yield	(%)	 Ratio	β-1,4:(	β-1,3+	β-1,2)	
DMSO	 37	 7.0	 35	 70:30	
DMF	 37	 7.0	 38	 72:28	
-	 37	 7.0	 50	 71:29	
-	 37	 5.0	 22	 81:19	
-	 37	 8.5	 36	 68:32	
-	 45	 7.0	 48	 68:32	
-	 25	 7.0	 45	 79:21	
-	 5	 7.0	 48	 80:22	






In	 the	 framework	of	 the	collaboration	between	 the	company	 INTERQUIM,	S.A,	and	
the	 Laboratory	 of	Biochemistry	 at	 the	 IQS	 School	 of	 Engineering,	 the	 search	 of	 novel	
biocatalysts	for	the	production	of	gaxilose	was	envisaged.	The	project	is	also	embedded	
in	 the	 Industrial	Doctorates	Programme	of	 the	Generalitat	de	Catalunya,	 a	 co-funding	
scheme	to	pursue	intersectoral	PhD	studies.	
Interquim	 S.A.	 is	 integrated	 in	 the	 Ferrer	 HealthTech	 Division	 and	manufactures	
active	 ingredients	 for	 the	pharmaceutical	 industry.	 The	 company’s	 core	business	 is	
based	on	the	development	of	highly	competitive	processes	for	the	manufacture	of	high	
added-value	 active	 pharmaceutical	 ingredients	 that	 meet	 the	 strictest	 quality	
specifications,	 under	 European	 environmental	 and	 work	 safety	 regulations.	 The	
products	 and	processes	 have	 been	 audited	 by	 international	 authorities,	 including	 the	
US	FDA,	 EMA,	 and	 are	 sold	 in	 Japan,	 EU	 and	 US,	 indicating	 the	 excellence	 of	
the	implemented	standards.	INTERQUIM	 is	proprietary	 of	 the	 LacTest®	 and	 owns	
a	patent	 for	 the	 enzymatic	 production	 of	 gaxilose.	The	 company	 aims	 at	 improving	
gaxilose's	current	industrial	production.	
The	Laboratory	of	Biochemistry	at	IQS	is	a	research	group	with	long	expertise	in	the	







































CHAPTER	 1	 focuses	 on	 the	 study	 of	 the	 β-galactosidase	 from	 E.	 coli	 for	 gaxilose	
production	 (protein	 expression	 and	 protein	 engineering).	 The	 first	 chapter	 also	
includes	 the	 development	 of	 an	 analytical	 method	 by	 HPLC-MS	 for	 enzyme	 activity	
characterization	 (hydrolase	 and	 transglycosidase	 activities)	 and	 the	 description	 of	
analyzed	activities	in	the	whole	work.	
CHAPTER	2	 focuses	 on	 the	 search	of	 a	 new	enzyme	able	 to	 increase	 gaxilose	 yield.	
The	 search	 relies	 on	 the	 combined	 used	 of	 bibliographic	 analysis	 and	 bioinfomatic	
tools.	
CHAPTER	3’s	objective	is	the	study	of	the	new	enzyme.	This	chapter	also	includes	the	
protein’s	 3D	 structure	 determination	 (crystallographic	 structure	 and	 model	
construction)	 and	 the	 set	 up	 of	 a	 HTS	method	 for	 the	 selection	 of	mutants	 obtained	
through	protein	engineering.	
Some	 of	 the	 results	 obtained	 have	 been	 protected	 in	 a	 patent	 entittled	Enzymatic	

















gaxilose	 synthesis	 is	 an	 enzymatic	 reaction	 catalysed	 by	 a	 β-galactosidase.	 β-
galactosidases	 from	 diverse	 origins	 were	 studied	 as	 biocatalysts	 for	 that	 reaction,	
including	 Aspergillus	 oryzae,	 Saccharomyces	 fragilis	 or	 that	 of	 lamb	 small	 intestine	
amongst	others.	The	selected	enzyme	was	E.	coli	β-galactosidase	 182,	as	explained	 in	 i.	
INTRODUCTION.	
The	 E.	 coli	 β-galactosidase	 used	 in	 gaxilose	 industrial	 production	 was	 a	
commercially	available	enzyme,	provided	by	Sigma	(www.sigmaaldrich.com).	The	cost	
of	 the	 enzyme	 represents	 a	 high	 percentage	 of	 the	 total	 cost	 of	 goods	 for	 gaxilose	





mg	 scale.	 Then,	 the	 same	 enzyme	 was	 used	 at	 Interquim	 premises,	 where	 it	 was	
assayed	at	10	g	 scale	 and	 the	purification	and	 isolation	of	 gaxilose	proved	 to	 comply	
with	the	regulatory	standards.	Once	the	enzyme	proved	to	be	an	active	biocatalyst,	its	
industrial	production	was	outsourced	to	a	biotech	company	to	produce	enough	amount	




Enzymatic	 synthesis	 had	 been	 previously	 analysed	 and	 optimum	 conditions	 for	
enzyme	 activity	 had	 been	 determined	 184,	 such	 as	 pH,	 temperature	 and	 use	 of	 co-
solvents.	 Nevertheless,	 in	 this	 project	 several	 changes	 in	 the	 reaction	 conditions	 to	
optimize	transglycosylation	reaction	were	introduced:	donor:acceptor	ratio,	substrates	










tranglycosylation	 and	 reduce	 its	 hydrolytic	 activity.	 The	 enzyme	 modification	 was	
focused	on	enzyme	remodelling	to	increase	gaxilose	synthesis.	In	collaboration	with	Dr	







In	 order	 to	 analyse	 enzymatic	 reactions,	 an	 analytical	 method	 was	 set	 up.	
Absorbance	 measurements	 methods	 allow	 detecting	 and	 quantifing	 the	 activity	 of	
enzymes	 but	 do	 not	 distinguish	 transglycosydation	 from	 hydrolysis.	 Direct	
quantification	of	synthesised	disaccharides	was	needed	to	characterize	the	enzymes.	A	








E.	 coli	 β-galactosidase	 from	 Sigma®	 is	 a	 commercially	 available	 enzyme	 able	 to	
catalyse	gaxilose	production.	The	enzyme	showed	high	variability	between	batches	and	
was	 too	 expensive,	 accounting	 for	 50%	 of	 the	 total	 cost	 of	 goods	 of	 the	 gaxilose	














concentration	 of	 1	 mM)	 at	 37oC	 for	 16-18	 h.	 This	 methodology	 allowed	 to	 obtain	
enough	 protein	 for	 laboratory	 scale	
experiments.	 However,	 protein	
expression	 was	 further	 studied	 in	 order	
to	 optimize	 the	 scale	 up	 during	 the	
industrial	production	trials.	
Protein	 expression	 was	 evaluated	
taking	into	account	two	main	parameters:	




downstream	 of	 the	 T7	 promoter	 was	
introduced	 into	 a	 T7	 expression	 host	 (DE3	
strains),	which	 carries	 a	 chromosomal	 copy	
of	 the	 phage	 T7	 RNA	 polymerase	 gene	
controlled	 by	 a	 lac	 promoter.	 When	 an	
inducer,	 e.g.	 IPTG,	 is	 added	 to	 the	 growth	






protein	 after	 purification	 and	 cleavage	 (Figure	 1.	 1).	
The	plasmid	carries	kanamycin	resistance.	It	contains	a	
strong	 T7lac	 promoter,	 an	 amino-terminal	 His·Tag	
coding	 sequence	 and	 a	 multiple	 cloning	 site	 (MCS)	
region.	 It	 also	 contains	 a	 cleavage	 site	 for	 the	
enterokinase	 (EK)	 protease	 and	 allows	 all	 amino-
terminal	 vector-encoded	 sequences	 to	 be	 removed	 by	
EK	digestion.	
Sequence:  pRSF-1b-2.dna  (Circular / 3669 bp)
Features:  14 visible, 14 total







Induction	 temperature:	 after	 culture	 grew	 that	 37oC	 (OD600	 2-3),	 cultures	 were	
inducted	(1	mM	IPTG)	at	two	different	temperatures:	24oC	and	37oC.	Different	samples	
were	withdrawn	at	different	times	and	after	16-18	h	of	induction,	cultures	were	lysed	
and	 supernatants	 were	 analysed	 by	 SDS-PAGE.	 This	 study	 showed	 that	 samples	
induced	at	37oC	had	higher	protein	expression	(B-Figure	1.	2)	that	expression	at	24oC,	









that	 induction	 at	 early	 growth	 phase	 (OD600	0.4	 -	 0.7)	 caused	 lower	 growth	 and	 less	

























































Product	 quantification	 was	 required	 to	 characterize	 and	 describe	 gaxilose	
production	 by	 different	 proteins	 and	 mutants	 along	 the	 project.	 The	 quantification	
method	should	be	quick,	robust	and	reproducible.	
Well-known	 and	 basic	 methods	 to	 characterize	 GHs	 are	 based	 on	 absorbance	
properties	due	 to	 the	hydrolytic	 activity	of	 the	enzymes	on	chromophoric	 substrates.	
On	 the	 other	 hand,	 transglycosidase	 activity	 is	 usually	 evaluated	 by	 HPLC	 or	 gas	
chromatography.	
High	performance	liquid	chromatography	 (HPLC)	was	selected	as	the	technique	to	
separate,	 identify	 and	 quantify	 different	 components	 in	 (reaction)	 mixtures.	 The	
Laboratory	 of	 Biochemistry	 at	 IQS	 School	 of	 Engineering	 has	 a	 collection	 of	 HPLC	








First,	 absorbance	 and	 RID	 detectors	 connected	 in	 serie	 were	 used	 to	 set	 up	 an	






groups	 in	 the	stationary	phase	compose	 the	column	and	 interact	with	carbohydrates’	
hydroxyls.	The	main	drawback	of	this	column	is	that	it	would	not	allow	the	analysis	of	

















Different	 parameters	 were	 modified	 to	 optimize	 the	 method	 e.g.	 column	
temperature	(40	-	80oC),	flow	rate	(0.2	-	0.6	mL/min),	injection	volume	(2.5	-	5	μL)	and	
mobile	phase	(diverse	percentages	of	acetonitrile	and	water).	Evaluation	of	the	effect	of	





The	developed	methodology	 (Table	1.	1)	 let	us	 to	achieve	a	good	peak	resolution	
but	with	a	long	elution	time	(more	than	20	min.)	(Figure	1.	4).	Moreover,	broad	width	
of	 peaks	 (3	 min)	 hindered	 integration	 at	 low	 product	 concentration,	 feature	 that	




















Resolution,	 RS,	 is	 one	 of	 the	 most	 important	 features	 to	 optimize.	 Resolution	 is	 the	
necessary	distance	to	be	able	to	distinguish	between	two	peaks.	It	is	calculated	using	the	
separation	 of	 two	 peaks	 in	 terms	 of	 their	 average	 peak	 width	 at	 the	 base	 (tR2>tR1).	 A	
resolution	 value	 of	 1.5	 or	 higher	 will	 ensure	 that	 the	 sample	 components	 are	 well	
separated,	Eq.	1.	1.	





as	 it	 travels	 through	 the	HPLC	 system	and	column;	due	 to	 dispersion	effects	 the	peaks	
take	 on	 their	 “Gaussian”	 shape.	 There	 are	 many	 factors	 that	 contribute	 to	 peak	
broadening.	 The	 main	 one	 is	 the	 column	 itself:	 packing,	 particle	 size	 and	 column	




















Mass	 spectroscopy	 detector	 was	 adjusted	 to	 detect	 diverse	 compounds.	 First,	
selection	of	the	analyte	ions	produced	in	the	ionization	step	was	considered	(detector	
in	 SCAN	 mode	 (Box	 1.	 7)).	 Most	 common	 analite	 ions	 detected	 in	 this	 work	 were	
[M+Na+]	 (red-Figure	 1.	 5)	 and	 [M+NH4+]	 (blue-Figure	 1.	 5)	 (Box	 1.	 7.	 Different	
intensities	were	detected	if	samples	were	in	water	(A-Figure	1.	5)	or	in	reaction	buffer	









the	 compound	 by	 electrospray	 ionization	 (ESI).	 These	 ions	 are	 then	 separated	
according	 to	 their	 mass-to-charge	 ratio	 (m/z),	 by	 accelerating	 them	 and	 subjecting	




The	 quadrupole	 consists	 of	 four	 parallel	 metal	 rods;	 each	 opposing	 rod	 pair	 is	
connected	 together	 electrically,	 and	 a	 radio	 frequency	 (RF)	 voltage	 with	 a	 direct	
current	(DC)	offset	voltage	is	applied	between	one	pair	of	the	rods	and	the	others.	Ions	















Different	 parameters	 (temperature,	 flow	 rate,	mobile	 phase)	were	 set	 in	 order	 to	
obtain	good	resolution	(RS),	acceptable	retention	factor	or	retention	time	(k),	suitable	
efficiency	and	peak	symmetry	 (As)	 (Box	1.	4).	Column	temperature	was	 increased	 to	
avoid	separation	of	α/β	anomers	and	it	was	set	to	60oC.		
HILIC	requires	an	organic	mobile	phase	to	isolate	its	analytes:	acetonitrile	and	water	
were	 selected	 for	 the	 analysis	 (methanol	would	 have	 been	 another	 option).	 Isocratic	
mode	 for	 analytes	 elution	 did	 not	 allow	 reaching	 good	 symmetry,	 efficiency	 nor	








MS	 detector	 can	 work	 in	 scan	 mode	 (it	 is	 used	 for	 identification	 of	 chemical	
components,	 qualitative	 analysis,	 or	 quantitative	 analysis	 and	 determination	 of	
parameters	 for	 SIM	 analysis)	 or	 SIM	 mode	 (Single	 Ion	 Monitoring)	 is	 used	 as	
quantitative	 scan	whereby	 the	molecular	 ion	 of	 the	 analyte	 is	monitored,	 SIM	 offers	
more	sensitivity	and	better	selectivity);	both	modes	were	used	according	to	the	aim	of	
the	analysis.	
Ion	 adducts	 are	 ions	 formed	 by	 interactions	 of	 two	 species,	 usually	 an	 ion	 and	 a	
molecule	(for	example,	a	Na+	adduct	of	a	molecule	(M)	is	represented	as	[M+Na]+.	























































Xylose,	 galactose	and	 three	disaccharide	 regioisomers	were	 the	analytes	 to	detect.	
Superposition	 of	 their	 chromatograms	 allow	observing	 that	 analytes	 did	 not	 co-elute	
(Figure	 1.	 7).	 Avoiding	 peaks	 overlapping	 is	 mainly	 important	 for	 the	 disaccharide	
regiosomers	which	have	the	same	molecular	mass	and	the	analyser	cannot	differentiate	
them.	Even	though	galactose	and	the	β-1,3	regiosomer	presented	partial	overlap,	it	had	
not	 an	 effect	 on	 detection	 because	 the	 two	molecules	 have	 different	molecular	mass.	






0:00	 95	 5	 Initial	conditions	
0:10	 80	 20	 Gradient	(3	min)	
5:10	 80	 20	 All	products	have	been	eluted	
5:11	 95	 5	 Change	to	initial	conditions	










chosen	 so	 that	 the	 solvent	 polarity	 is	 appropriate	 to	
retain	 and	 resolve	 early	 eluting	 analytes.	 The	 elution	
gradient	 is	 then	 increased	 in	 a	 predetermined	 way	 to	
elute	 compounds	 with	 optimum	 resolution.	 At	 the	
beginning	of	 the	analysis,	 the	analyte	will	be	wholly	 into	
the	 stationary	 phase	 at	 the	 head	 of	 the	 column.	 As	 the	









Analysis	 by	 HPLC-MS	 would	 be	 set	 up	 for	 galactose,	 and	 β-D-galactopyranosyl-D-





its	 intended	 purpose.	 The	 most	 widely	 applied	 typical	 validation	 characteristics	 for	
various	 types	 of	 test	 are	 accuracy,	 precision,	 specificity,	 detection	 limit	 (LoD),	
quantification	limit	(LoQ),	linearity,	concentration	range	and	robustness.	
The	validation	method	was	applied	to	galactose,	4-0-β-D-galactopyranosyl-D-xylose	






























































!"# = ! · !"!"#$% !"#$%       	
Eq.	1.	2	Limit	of	detection	(SD,	single	deviation.	
Slope,	area/mM)	




LOQ	was	 3.6	 μm	 for	 galactose	 and	 1.6-1.9	 μm	 for	 the	 disaccharides	 (Table	 1.	 4).	
These	values	were	acceptable	for	the	ranges	used	during	enzyme	characterization	(The	
















This	 part	 has	 the	 main	 goal	 of	 describe	 reactions	 used	 for	 the	 enzyme	
characterization	 during	 the	 entire	 work.	 As	 previously	 described,	 GHs	 present	 two	
activities	 and	 therefore	 both	 activities	 should	 be	 taken	 into	 account	 to	 describe	 and	









	 Galactose	 Gaxilose	 β-1,3	 β-1,2	
LoD	 1.08	μM	 0.57	μM	 0.05	μM	 0.48	μM	
LoQ	 3.6	μM	 1.9	μM	 1.7	μM	 1.6	μM	
Box	1.	9	LOD	and	LOQ	
The	 limit	 of	 detection	 (LOD)	 is	 the	 lowest	
quantity	 of	 a	 substance	 that	 can	 be	
distinguished	 from	 the	 noise	 in	 the	 absence	 of	
that	substance	and	limit	of	quantification	(LOQ)	




























oNPG	 substrate	 (primary	 hydrolysis,	 B-Figure	 1.	 10)	 and	 hydrolysis	 of	 the	
gaxilose	 transglycosylation	 product	 (secondary	 hydrolysis,	 B’-Figure	 1.	 10).	
Galactose	 formation	 is	 monitored	 by	 HPLC-MS.	 To	 distinguish	 between	
RESULTS		 81	
	
hydrolase	 activities	 in	 glycosidase	 or	 transglycosylase	 reaction,	 we	 will	 use	
glycosidase	 activity	 for	 the	 reaction	 with	 only	 oNPG	 substrate	 (the	 native	
hydrolase	 activity	 of	 the	 enzyme),	 and	 hydrolase	 activity	 for	 the	 primary	 and	
secondary	hydrolysis	in	the	transglycosylation	reactions.	












between	 transglycosylation	activity	 or	 transglycosylation	rate	and	hydrolase	activity	or	
rate	(meaning	primary	and	secondary	hydrolysis	in	the	transgycosylation	reaction,	not	
to	confuse	with	glycosidase	activity).	It	can	be	determined	as	ratio	of	specific	activities,	






E.	 coli	β-galactosidase	 has	 been	 extensively	 studied,	 mainly	 for	 its	 importance	 in	
molecular	 biology	 (e.g.	 the	 lac	 operon	 model).	 Its	 catalytic	 mechanism	 is	 fully	
understood	and	the	amino	acids	involved	in	catalysis	are	well	described	(Box	1.	10).		
The	 protein	 3D	 structure	 has	 been	 solved	 under	 different	 conditionsfor	 the	 wild	
type	 enzyme	 and	 different	 mutants,	 with	 or	 without	 substrates	 or	 with	 diverse	
inhibitors	 mimicking	 transition	 states	 (e.g.	 galactonolactone,	 PDB	 nº	 3VDB).	 PDB	








open	 conformations,	 as	 described	 in	 i.	 INTRODUCTION	 (see	 i.4.2.3.1.1):	 Gly794	 174,187,	




Dr	 Alberto	 Marina’s	 group	 from	 IBV-CSIC	 proposed	 the	 construction	 and	
crystallyzation	 of	 a	 mutant	 with	 the	 mobile	 loop	 mainly	 closed.	 G794A	 mutant	 was	
constructed	with	two	main	objectives.	A)	Structural	purposes:	closed	 loop	would	help	
maintaining	gaxilose	in	the	catalytic	site	and	it	could	be	trapped	during	crystallization	
assays.	 Therefore,	 it	 would	 describe	 enzyme-gaxilose	 interactions	 (useful	 to	 design	
mutants	 to	 increase	 transglycosidase	 activity).	 B)	 Transglycosidase	 analysis:	 how	
would	transglycosylation	and	hydrolysis	reactions,	and	consequently	 its	T/H	ratio,	be	
affected	by	the	closed	loop	that	could	hinder	substrates’	entrance.	
Juers	 and	 co-workers	 had	 studied	 G794A	 mutant	 previously	 174.	 Their	 kinetic	
analysis	 showed	 that	 mutant	 G794A	 reduces	 glycosidase	 activity	 (oNPG)	 and	
transglycosidase	 activity,	 using	 lactose	 as	 substrate,	 with	 respect	 to	 the	 wild	 type	
enzyme.	Its	crystal	structure	demonstrated	that	the	794-803	loop	was	closed.	Glucose	
was	 not	 entrapped	 in	 any	 crystal	 structure;	 however,	 kinetic	 evaluation	 proved	 that	
G794A	mutant	 binds	 glucose	 better	 than	 the	wild	 type	 enzyme.	 This	 relatively	 good	
binding	 of	 glucose	 to	 the	 free	 enzyme	 could	 indicate	 that	 the	 closed	 loop	 creates	 a	
preformed	 site	 for	 glucose	 binding	 and	 that	 the	 acceptor	 binding	 site	 is	 more	
complementary	to	the	structure	of	glucose	(the	loop	must	cause	the	residues	that	bind	
glucose	 are	 slightly	 different	 positioned	 so	 that	 binding	 is	 better).	 However,	 Ala	 to	
Box	1.	10	Mechanism	details	of	the	β-galactosidase	from	E.	coli	
Substrate	 binding	 occurs	 in	 two	 steps,	 as	 described	 in	 i.	 INTRODUCTION	 (see	 i.1.4.2.3.1.1).	
Lactose,	the	natural	substrate,	binds	in	what	is	defined	as	shallow	mode,	stacking	to	Trp999	
with	the	galactoside	oxygen	more	or	less	centred	over	the	indole.	This	binding	mode	is	non-
productive,	 and	 in	order	 to	 proceed	with	 the	 reaction,	 the	 substrate	has	 to	move	 3	Å	 and	
rotate	90o.	This	position	is	described	as	deep	binding	mode.	In	this	geometry,	the	galactose	
moiety	 of	 the	 lactose	 interacts	 with	 Trp568	 and	 is	 correctly	 positioned	 between	 the	 two	
catalytic	 residues	 168.	 Conformational	 changes	 occur	 between	 the	 two	 conformational	
binding	modes:	60o	rotation	of	Phe601	and	a	movement	of	11	Å	of	a	mobile	 loop	 (Gly794-
Pro803)	that	closes	over	the	active	site.	
E.	 coli	 β-galactosidase	 is	 a	 bifunctional	 enzyme	 catalysing	 the	 hydrolysis	 of	 lactose	 to	
galactose	 and	 glucose	 as	well	 as	 the	 intramolecular	 isomerization	 of	 lactose	 to	allolactose.	
Even	 at	 lower	 concentration	 of	 lactose,	 this	 enzyme	 reacts	 with	 lactose	 to	 produce	 50%	







Transglycosylase	 reaction	 for	 gaxilose	 production	 did	 not	 use	 glucose,	 but	 xylose.	
Xylose,	 compared	 to	 glucose,	 does	 not	 have	 the	 6-hydroxymethyl	 group:	 this	 change	
could	 allow	 binding	 on	 different	 way	 in	 preformed	 subsite	 +1.	 Will	 this	 different	





to	 the	 wild	 type	 protein	 (Table	 1.	 5).	 Mutant	 G794A	 showed	 a	 15-fold	 decrease	 of	
activity	 compared	 to	 the	 wild	 type	 enzyme,	 as	 described	 previously	 174.	 It	 could	 be	
caused	by	the	blockage	of	the	catalytic	centre	due	to	the	closed	loop	that	impeded	oNPG	











Transgalactosidase	 and	 hydrolytic	 specific	 activities	 of	wild	 type	and	G794A	were	
















For	 the	 industrial	production	of	gaxilose,	 the	amount	of	enzyme	used	(the	units	of	












Wild	type	 2.25	±	0.12	 177.90	±	10.67	 0.012	
G794A	 0.030	±	0.001	 32.20	±	4.17	 0.0009	













Initial	 rates	 could	also	be	 compared	using	 the	 same	number	of	 glycosidase	units	 (	
Table	1.	7	and	Figure	1.	11).	Transglycosidase	activity	per	unit	of	glycosidase	activity	
showed	slightly	higher	activity	 for	 the	G794A	enzyme	 than	 for	 the	wild	 type	enzyme,	
1.2	 fold	higher	(right-Figure	1.	11).	On	the	other	hand,	hydrolase	activity	per	unit	of	
glycosidase	activity	 (left-,-Figure	1.	11)	exhibited	 that	G794A	had	more	 than	10-fold	
higher	activity	than	the	wild	type	enzyme.	Therefore,	the	T/H	ratio	was	favourable	for	
the	wild	type	enzyme	(down-Figure	1.	11).	
After	 the	 evaluation	 of	 initial	 rates	 under	 analytical	 conditions,	 industrial	
conditions	 (0.1	M	oNPG,	 0.4	M	 xylose	 and	 2.5	 enzyme	units	 (U))	were	 assayed.	 The	
amount	of	gaxilose	with	time	showed	that	G794A	synthesised	3	to	4-fold	less	gaxilose	
than	 the	 wild	 type	 enzyme	 (left-	Figure	 1.	 12).	Transgalactosidase/hydrolysis	 ratio,	









Wild	type	 (1.58	±	0.13)·10-3	 0.13	±	0,01	 0.012	
G794A	 (1.98	±	0.13)·10-3	 2.14	±	0.28	 0.0009	
G794A	/	Wild	type		 1.2	 16.5	 	






























































G794A	 has	 the	 mobile	 loop	 mainly	 closed.	 It	 was	 hypothesised	 that	 preformed	
subsite	+1	could	change	xylose	binding	and	it	could	improve	transglycosidase	activity.	















	 kcat	(min-1)	 KM	(mM)	 kcat	(min-1)	 KM	(mM)	
Wild	type	 1,044	±	56	 0.39	±	0.01	 84,481	±	6,896	 1.06	±	0.28	





On	 the	 other	 hand,	 evaluation	 of	 the	 hydrolase	 activity	 was	 possible	 for	 both	
















































































































































































































G794A	 had	 slower	 transglycosidase	 specific	 activity	 (min-1)	 than	 wild	 type	 and	 it	
had	 lower	 T/H	 ratio:	 both	 features	 discarded	 this	 mutant	 as	 a	 good	 candidate	 to	
improve	gaxilose	production.		
It	was	concluded	that	the	closed	loop	did	not	improve	transglycosylation,	nor	did	it	
increase	 the	 T/H	 ratio.	 Moreover,	 G794A	 also	 had	 5	 to	 7-fold	 lower	 hydrolase	 and	
glycosidase	 specific	 activity	 than	 the	wild	 type.	 It	 was	 assumed	 that	 oNPG	 substrate	

















A	 ten-gram	 (oNPG)	 reaction	 scale	 was	 used	 to	 evaluate	 different	 reaction	
parameters:	 donor:acceptor	 ratio,	 substrate	 concentration,	 enzyme	 units	 added	 and	
reaction	 time.	 The	 actual	 substrates	 (xylose	 and	 oNPG),	 temperature	 (37oC)	 and	
reaction	time	(~24h)	were	invariable.	
The	first	approach	to	set	up	reaction	conditions	was	performed	with	commercial	β-
galactosidase	 from	 E.	 coli	 (Sigma)	 (exp.	 1-4	 Table	 1.	 9).	 Different	 substrate	 ratios,	

































































































































































- Analytical	 method	 for	 transglycosidase	 reaction	 was	 set	 up	 to	 evaluate	
galactopyranosyl-D-xylose	 regioisomers	production	 and	 galactose	 release.	 The	
method	allowed	quantifying	hydrolase	and	 transglycosidase	activity	by	HPLC-
MS.	LOD	and	LOQ	allowed	evaluate	reactions	at	used	concentrations.	





wild	 type	 and	 5.5-fold	 less	 hydrolase	 specific	 activity.	 T/H	 ratio	 evaluation	
showed	that	G794A	has	a	13-fold	lower	ratio	compared	to	wild	type.	
- G794A	mutant	was	also	evaluated	at	 industrial	 level	and	it	showed	3	to	4-fold	
lower	synthesis	of	gaxilose.	
- Michaelis-Menten	transglycosylation	kinetic	parameters	of	G794A	could	not	be	
determined	 due	 to	 its	 negligible	 activity	 at	 low	 substrate	 concentration.	




- It	 is	 tempting	 to	speculate	 that	 the	almost	closed	 loop	of	G794A	mutant	could	
obstruct	 xylose	 entrance	 in	 the	 catalytic	 site	 or	 rather	 bind	 xylose	 in	 an	 un-
reactive	mode	and	thus	impedes	transglycosylation.	
- G794A	was	 discarded	 for	 gaxilose	 production	 due	 to	 its	 low	 transglycosidase	
activity	and	low	gaxilose	yield	reached.	
- The	 E.	 coli	 β-galactosidase	 at	 10	 g	 (oNPG)	 scale	 reaction	 was	 evaluated	 at	
different	 conditions.	 Substrates	 concentration,	 donor	 and	 acceptor	 ratios	 and	
amount	 of	 enzyme	 were	 analysed.	 It	 showed	 that	 optimal	 conditions	 for	
gaxilose	 synthesis	 were	 a	 reaction	 volum	 of	 15	 mL	 per	 g	 of	 oNPG,	 with	
donor:acceptor	molar	ratio	of	1:4	and	18	U	of	enzyme	per	g	of	oNPG.	
- Industrial	 gaxilose	 production	 (12	 kg	 of	oNPG,	 19	 kg	 of	 xylose	 and	216	kU	of	
enzyme)	was	performed	with	E.	coli	β-galactosidase	produced	by	Biopolis	S.L..	












Gaxilose,	 the	 active	 pharmaceutical	 ingredient	 (API)	 in	 Lactest®,	 a	 non-invasive	
method	for	hypolactasia	diagnosis,	 is	produced	enzymatically	by	β-galactosidase	from	
E.	coli	 (i.	INTRODUCTION).	 In	 this	 thesis,	 the	 industrial	production	of	gaxilose	has	been	
optimized	 achieving	 a	 yield	 of	 22%	 of	 pure	 product	 after	 several	 purification	 steps	
(CHAPTER	 1:	 1.5.2.2.	 Industrial	 production).	 Reaction	 conditions	 were	 modified	 to	
increase	 production	 and	 to	 reduce	 costs	 (CHAPTER	 1,	 see	 1.5.2).	 The	 catalyst,	 β-
galactosidase	 enzyme,	 would	 be	 the	 next	 reaction	 factor	 to	 be	 optimized.	 In	 this	
research	project,	a	new	β-galactosidase	was	searched	to	increase	gaxilose	production	
yield.	
The	goal	 in	 this	chapter	 is	 to	 find	a	new	enzyme	with	 improved	characteristics	 for	
transglycosylation	 compared	 to	 the	 current	 enzyme	 (E.	 coli	 β-galactosidase):	 higher	
transglycosidase	activity	and	regioselectivity	and	 lower	hydrolase	activity.	Search	 for	













glycosyltransferases	 (GT),	 polysaccharide	 lyases	 (PL),	 carbohydrate	 esterases	 (CE),	
auxiliary	activities	(AA),	and	carbohydrate-binding	(CBM)	families.	CAZy	 is	a	dynamic	
database	 that	 is	 constantly	 updated:	 novel	 enzymes	 are	 included	 whenever	 a	 new	
carbohydrate	acting	enzyme	is	described	or	annotated.	CAZy	was	used	as	source	to	find	
potential	β-galactosidase	candidates.	
β-Galactosidases	 are	 GH	 enzymes	 (E.C.	
3.2.1.23).	 CAZy	 classifies	 GHs	 in	 149	
families	 (Box	 2.	 1).	 β-Galactosidase	
enzymes	 can	 be	 mainly	 found	 in	 four	
families:	GH1,	GH2,	GH35	and	GH42	†.	All	




found	 in	 thermophiles	 and	 preferentially	 act	 on	 other	 galacto-derivates	 166.	 Within	
families	GH1,	GH2,	GH35	and	GH42,	29,670	proteins	are	included	(as	of	August	2017).	
In	 order	 to	 reduce	 the	 number	 of	 candidates,	 only	 enzymes	 described	 and	
characterised	(with	an	assigned	E.C.	number)	were	chosen;	those	were	619	in	total.	To	















	 GH1	 GH2	 GH35	 GH42	 Total	
All	 15,727	 9,905	 1,865	 2,173	 29,670*	
Characterised	 336	 147	 72	 64	 619*	
β-galactosidase	 7	 63	(86*)	 39	(65*)	 28	(64*)	 137	(221*)	
Transglyco.	
activity	described	 5	 19	 9	 12	 45	
Box	2.	1	CAZy	therminology	
Families	are	enzymes	grouped	based	on	
amino	 acid	 sequence	 similarities.	
Furthermore,	 there	 is	 a	 direct	
realtionship	 between	 sequences	 and	
folding	similarities	







A	 total	 of	 137	 enzymes	 characterized	 as	 β-galactosidases	 were	 found	 in	 CAZy.	 A	
more	 detailed	 evaluation	 was	 performed	 with	 the	 aim	 of	 reducing	 the	 number	 of	
candidates	and	selecting	a	manageable	amount	of	enzymes	to	express,	characterise	and	





by	hydrolase	 and	 transglycosydase	 activities.	oNPG	and	 lactose	were	 found	 to	be	 the	


































































































































































































































































































































































































































Phylogenetic	 trees	 analysis	 (Box	 2.	 2)	 showed	 to	 be	 a	 good	 criterium	 to	 further	
select	 among	 the	 pre-selected	
forty-five	 enzymes.	 This	 tool	
would	 allow	 discarding	 enzymes	
with	 high	 percentage	 of	 identity	
and	 select	 those	 with	 better	
characteristics	reported.	
Five	 enzymes	 were	 found	 in	 family	 GH1	 labelled	 as	 β-galactosidases	 and	 with	
reported	 transgalactosidase	 activity	 (Figure	 2.	 1).	 Glucosidases	were	more	 common	
across	this	family,	and	only	five	galactosidases	were	described	as	able	to	synthesise	any	
kind	of	galacto-derivate.	Sulfolobus	solfataricus	enzyme	was	chosen	as	a	final	candidate	




that	 depicts	 the	 lines	 of	 evolutionary	 descents	 of	
different	 species,	 organisms,	 or	 genes	 from	 a	
common	 ancestor.	 These	 trees	 are	 useful	 for	









Family	 GH2	 had	 nineteen	 enzymes	 with	
described	 transglycosidase	 activity.	 Its	 phylogenetic	
tree	was	 built	 only	with	 the	 catalytic	 domain	 of	 the	
enzymes	(being	the	3rd	domain	in	all	proteins	(Box	2.	
3)	 (Figure	 2.	 2).	 Enzymes	 were	 grouped	 by	 genus	
(e.g.	 Enterobacter,	 Arthrobacter	 or	 Lactobacillus).	 In	
addition,	 four	 subgroups	 could	be	built	 according	 to	
their	 percentage	 of	 identity.	 In	 order	 to	 reduce	 the	
final	number	of	 candidates,	 it	was	decided	 that	only	
one	 enzyme	 per	 group	 would	 be	 selected.	 Those	






































There	 are	 diverse	 domain	
architectures	in	GH2	based	on	
the	 presence	and	 distribution	
of	 protein	 domains.	 All	 of	
them	 share	 a	 central	 TIM	
barrel	(catalytic	domain)	with	
two	 β-sandwich	 domains	 at	
the	N-terminal	 end,	but	differ	
in	 the	 nature	 of	 addinional	




It	 is	 interesting	 to	 highlight	 that	 one	 enzyme	was	 not	 grouped	 in	 any	 branch,	 i.e.	
Saccharopolyspora	 rectivirgula.	 Even	 though	 this	 enzyme	 presents	 25%	 of	 sequence	
identity	 with	 E.	 coli	 β-galactosidase,	 it	 has	 some	 characteristics	 that	 make	 it	 quite	
different	from	enzymes	from	family	GH2	(for	further	explanation	see	section	2.2.3).	No	
candidate	 was	 selected	 from	 the	 Arthrobacter	 group	 because	 of	 low	 yields	 of	
transglycosylation	 and	 scant	 information	 of	 the	 linkages’	 nature.	 To	 sum	 up,	 β-
galactosidases	 from	 Bacillus	 circulans,	 Enterobacter	 cloacae	 B5,	 Lactobacillus	
delbrueckii	and	Saccharipolyspora	rectivirgula	were	 the	 selected	enzymes	 from	 family	
GH2	 because	 they	were	 described	 to	 have	 the	more	 interesting	 characteristics	 (high	
transglycosidase	activity	and/or	β-1,4	preference)	
Galactosidases	from	family	GH35	are	well	known	to	be	active	on	galacto-derivates	




and	different	 linkages.	The	other	 two	enzymes	of	 this	family	were	discarded	because	
















transglycosidase	 activity.	 The	 phylogenetic	 tree	 organized	 those	 enzymes	 in	 two	





















Among	 the	 enzymes	 of	 the	 Bacillus	 subgroup	 (blue,	 Figure	 2.	 4),	 Geobacillus	
kaustophilus	 was	 selected.	 In	 the	 Bifidobacterium	 subgroup,	 the	 enzyme	 from	
Bifidobacterium	 longum	 subsp.	 infantis	 was	 chosen.	 Both	 of	 them	 presented	 better	
yields	 or	 preferable	 reaction	 conditions.	 Additionally,	 one	 enzyme	 that	 was	 in	 an	
isolated	 branch	 of	 the	 phylogenetic	 tree,	 Thermotoga	 neapolitana,	 was	 selected	 as	





Clear	 differences	 exist	 among	 GH	 families	 that	 contain	 galactosidases:	 one	 of	 the	




families	members	on	 the	Protein	Data	Bank	(PDB,	www.rcsb.org	 185,186).	Only	 twenty-
two	β-galactosidases	from	different	species	have	been	solved	(six	from	GH2,	eight	from	
















































S.	 solfataricus	 thermostable	 glycosyl	 hydrolase	 from	 family	 GH1	 is	 formed	 by	 two	





The	 enzyme	 has	 been	 produced	 in	 different	 expression	 systems	 (Saccharomyces	
cerevisae	202,	E.	coli	153,154,203,290,	Pichia	pastoris	204,	Lactococcus	lactis	205)	and	it	is	highly	
active	with	different	substrates	(pNPGal,	pNPFuc,	pNPGlu)	201.	
S.	 solfataricus	 β-galactosidase	 was	 able	 to	 synthesise	 50	 g/l	 lactulose	 (using	 40%	
(w/v)	 lactose	 as	 a	 donor	 and	20%	 (w/v)	 fructose	 as	 a	 acceptor)	 287.	 It	 has	 also	been	
used	for	GOS	production	due	its	ability	to	resist	high	temperatures	(needed	for	lactose	
solubility	and	increase	reaction	velocity	154).	
Other	 studies	had	obtained	up	 to	53%	of	GOS	with	wild	 type	enzyme	 154	and	61%	
with	 F441Y	mutant	 290,204	 using	 lactose	 as	 a	 substrate.	 It	 has	 been	 analysed	 that	 the	
enzyme	 shows	 a	 marked	 preference	 to	 generate	 β-1,3	 and	 β-1,6	 linkages	 153.	 Even	





















The	β-galactosidase	 from	E.	cloacae	 is	 a	 homologous	 enzyme	of	E.	coli	(GH2)	with	
65%	of	 identity	(Uniprot:	Q2XQU3).	Like	the	E.	coli	homologue,	 this	protein	(1029	aa,	




The	 β-galactosidase	 from	 E.	 cloacae	was	 isolated	 from	 the	 soil	 291.	 The	 gene	 was	
subcloned	 in	 an	 expression	 vector	 and	 transformed	 into	E.	 coli	BL21	 (DE3).	 Galacto-
oligosaccharides	were	synthesised	either	using	freeze-thawed	cells	or	purified	enzyme.	
GOS	 yield	 reached	 55%	 using	 275	 g/L	 lactose	 (pH	 6,5,	 50	 oC,	 12h).	 Moreover,	 the	
enzyme	is	able	to	use	a	wide	range	of	acceptors	for	transglycosylation,	such	as	hexose	
and	pentose	monosaccharides	(glucose,	galactose,	xylose),	disaccharides	(trehalose	or	










L.	 delbrueckii	 β-galactosidase	 was	 overexpressed	 in	 L.	 plantarum	 240,292,293.	 The	





other	 galactosidases	 from	 the	Lactobacillus	 genus:	 β-1,6	 linkage	 is	 the	most	 common	
bond.	Although	 this	 is	not	 the	desired	bond,	 it	 has	been	described	 that	 enzymes	 that	
prefer	 β-1,6	 linkage	 are	 able	 to	 synthesise	 β-1,4	when	 the	 6-hydroxymethyl	 group	 is	
	 	








This	 GH2	 family	 β-galactosidase	 belongs	 to	 a	 thermophilic	 actinomycete	 isolated	
from	 hay	 (Uniprot:	 Q9ZBD1).	 The	 enzyme	 is	 unique	 among	 family	 GH2	 in	 different	
ways.	It	is	a	monomeric	enzyme	of	145	kDa	and	their	1247	amino	acids	are	organized	
in	6	domains.	
It	 is	 a	multimetal	 enzyme	with	 eight	 specific	 binding	 sites	 for	 divalent	metal	 ions.	
These	 ions	 play	 important	 roles	 in	 maintaining	 the	 native	 structure	 essential	 for	
activity	and	thermostability	249,250.	It	has	an	unusual	structural	feature	in	this	family:	it	
contains	 a	 stretch	 of	 192	 amino	 acid	 residues	with	 no	 similarity	 to	 known	 proteins.	
These	 residues	 resemble	 an	 insertion	 into	 its	 active-site	 domain	 (detected	 with	
homology	 study	 with	 the	 E.	 coli	enzyme).	 Deletion	 of	 this	 sequence	 lets	 the	 enzyme	
catalytically	inactive	and	induces	protein	dimerization	that	retains	multimetal	binding	
characteristics,	 pointing	 at	 this	 sequence	 as	 an	 important	 element	 for	 maintaining	
structure	and	activity	247,248.	



















The	DS	domain	 is	present	 in	 various	 eukaryotic	 and	prokaryotic	proteins.	Various	
functions	of	this	domain	have	been	determined.	It	has	been	reported	that	the	presence	
of	the	DS	domain	have	been	reported,	for	example,	the	enhancement	of	the	hydrolytic	






suggested	 that	 one	 possible	 reason	 for	 GOS	 yield	 increase	 was	 a	 more	 open	 fragile	
structure	 of	 the	 deletion	mutant.	Moreover,	 some	 point	mutations	 inside	 DS	 domain	
were	 analysed	 and	 GOSs	 yields	 were	 also	 increased,	 probably	 as	 consequence	 of	
conformational	 changes	 216	 (other	 examples	 in	 bibliography	 were	 found	 where	 C-










This	 monomeric	 enzyme	 belongs	 to	 family	 GH35	 and	 it	 is	 formed	 by	 583	 amino	
acids	(66	kDa).	It	possesses	not	only	the	β-galactosidase	activity	but	also	β-fucosidase	
activity;	it	is	active	with	different	substrates	such	as	pNP-β-Fuc,	pNP-β-Gal	and	pNP-β-
Glc.	 Transfucosylase	 activity	 (65oC,	 pH	 5.5)	 was	 detected	 using	 β-fucosylated	






Bifidobacterium	 genus	 possesses	 high	 amount	 of	 galactosidases,	 mainly	 from	





298–300.	 Other	 galactosidases	 analysed	 from	 the	 same	 selected	 strain,	B.	 longum	subsp.	
infantis	DSM20088,	with	β-gals	from	families	GH2	and	GH42	(BIF4-Q9F4C8	which	share	
up	 to	 64%	 of	 identity	 with	 selected	 enzyme)	 and	 additionally	 transgalactosidase	
activity	was	detected.	Even	using	the	same	strain	whole	cell	fermentation	was	used	for	
GOS	production	278.	
This	 bacterium	 has	 three	 galactosidases	 in	 GH42	 (Bga42A,	 Bga42B	 and	 Bga42C).	
While	Bga42A	hydrolysed	β-1,3	bonds,	Bga42B	preferred	β-1,4	and	Bga42C	acted	on	β-
1,4	with	lower	efficiency	281,282.	Enzyme	Bga42B	was	selected	due	to	its	preference	for	






organized	 in	 three	 domains.	 The	 enzyme	 is	 able	 to	 produce	 20-30%	 of	 GOS	 using	
lactose	 (500	 g/L)	 or	 cellobiose	 as	 donors	 and	 different	 acceptors	 such	 as	 galactose,	
fructose	or	sucrose.	
Enzymes	 belonging	 to	 thermophilic	 microorganisms	 can	 be	 heterologously	
expressed	 in	 a	mesophilic	 organism	and	purified	 from	 the	 rest	 of	 cellular	 enzyme	by	
heat	inactivation	and	denaturation	of	the	host’s	proteins.	This	inexpensive,	simple	and	





This	 enzyme	 is	 a	 galactosidase	 encoded	 by	 the	 bgaB	 gene	 that	 belongs	 to	 family	
GH42	 (Uniprot:	 P19668).	 It	 is	 a	 thermostable	 enzyme	 formed	 by	 672	 aa	 (78	 kDa)	
organized	 in	 three	 domains,	 the	 first	 being	 the	 catalytic	 domain,	 and	 forming	 a	
homotrimer.	
This	 enzyme	 is	 able	 to	 produce	 oligosaccharides,	 mainly	 the	 trisaccharide	 3’-
galactosyl-lactose,	from	lactose.	Wild	type	enzyme	was	capable	of	producing	up	to	2%	














All	 the	 selected	 enzymes	 have	 been	 described	 to	 synthesise	 some	 kind	 of	 oligo-,	





















In	 order	 to	 compare	 the	 enzymes	 and	 check	 their	 behaviour	 under	 the	 same	
conditions	(used	for	the	reference	the	E.	coli	β-galactosidase),	their	pH	profiles	for	the	
glycosidase	 acivity	 (oNPG)	were	 studied	 (¡Error!	 No	 se	 encuentra	 el	 origen	 de	 la	
referencia.).	
Only	the	enzyme	from	T.	neapolitana	had	its	maximum	activity	at	pH	7.0.	The	other	
enzymes	 (B.	 longum,	G.	 kaustophilus,	P.	 thiaminolyticus	 and	 S.	 solfataricus)	 shifted	 its	































Glycosidase	activity	was	evaluated	under	 standard	 conditions	 (13	mM	oNPG,	pH	7,	
37oC),	as	defined	in	CHAPTER	1.	All	enzymes	presented	activity	with	oNPG,	as	expected,	
with	different	glycosidase	specific	activities	(Table	2.	5)	
The	 enzyme	 with	 the	 highest	 specific	 activity	 using	 oNPG	 as	 substrate	 was	













































E.	coli	 GH2	 1,455.52	±	103.60	 753.7	±	52.8	



















































reported	 for	 the	 E.	 coli	 β-galactosidase.	 However,	 under	 these	 conditions	 proper	
enzymatic	characterisation	(i.e.	determination	of	catalytic	constants)	is	difficult	due	to	
insolubility	 of	 substrate	 oNPG.	 (In	 industrial	 settings,	 it	 is	 frequent	 to	 add	 insoluble	
substrates	 at	 once	 for	 ease	 of	 operation.	 The	 substrate	 dissolves	 as	 the	 reaction	
proceeds.)	 In	 order	 to	 calculate	 catalytic	 constants,	 other	 conditions	 were	 set	 up,	
referred	as	Laboratory	conditions.	
Regarding	the	amount	of	enzyme	used	in	the	transglycosylation	reactions,	the	same	
number	of	glycosidase	activity	units	were	added	 to	each	reaction	 in	order	 to	compare	





All	 nine	 selected	 enzymes	 were	 analysed	 for	 their	 transglycosidase	 activity	 in	
laboratory	 conditions,	with	oNPG	 (50	mM)	as	a	donor	 substrate,	 xylose	 (250	mM)	as	
acceptor	 substrate,	 at	pH	7.0	 and	37oC.	 Substrates	 and	products	 concentrations	were	
analysed	by	HPLC-MS	as	well	as	by	TLC.	TLC	analysis	allowed	to	identify	the	presence	
or	 absence	 of	 oNPG	 (limiting	 reagent)	 during	 the	 reactions	 and,	 therefore,	 evaluate	
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		Candidates	 synthesise	 various	 regiosomers,	 although	 only	 gaxilose	 (4-0-β-D-
galactopyranosyl-D-xylose)	 is	 the	 desired	 product.	 In	 order	 to	 evaluate	 the	 enzymes’	
transglycosidase	capacity,	three	regiosomers	were	analysed	in	every	reaction	(i.e.	2-0-
β-D-galactopyranosyl-D-xylose,	 3-0-β-D-galactopyranosyl-D-xylose	 and	 4-0-β-D-
galactopyranosyl-D-xylose,	 abbreviated	 as	 β-1,2,	 β-1,3	 and	 β-1,4,	 respectively).	 Those	
regioisomers	 are	 the	 ones	 synthesised	 by	 the	 E.	 coli	 β-galactosidase,	 the	 standard	
biocatalyst.	 The	 candidate	 with	 higher	 transglycosydase	 activity	 were	B.	 circulans,	 S.	
solfataricus	and	E.	cloacae	(Figure	2.	12).	While	 the	 first	 two	synthesised	β-1,3	and	β-
1,2,	E.	 cloacae	assembled	 β-1,4	 linkage	 (maximum	 yield	 at	 Table	 2.6).	 T/H	 ratio	 also	
showed	 that	 these	 three	 enzymes	 had	 higher	 transglycosylation	 capacity	 than	 the	E.	
coli	enzyme	(right-Figure	2.	12).	B.	circulans	galactosidase	exhibited	a	8-fold	higher	T/H	
ratio	 than	 the	E.	coli	enzyme,	while	E.	cloacae	and	S.	 solfataricus	presented	 a	 1.6-fold	
higher	ratio.		
	















































































y = -0.48 + 7.9 x
y = 0.45 + 1.64 x
y = 0.87 + 1.42 x


























Other	 enzymes	 such	 as	 galactosiases	 from	 E.	 cloacae	 (G),	 L.	 delbrueckii	 (H)	 or	 S.	
rectivirgula	(I)	synthesised	gaxilose	as	the	main	disaccharide	product	(Figure	2.	11).	
It	 should	 be	 pointed	 out	 that	 some	 enzymes	 produced	 more	 hydrolysis	 product,	
galactose,	 than	any	kind	of	disaccharide	 such	as	B.	 longum	(A),	G.	kaustophilus	 (B),	T.	




the	maximum	 yield	 of	 disaccharide	 products	 formation	 in	 the	monitored	 time	 scale;	
probably	 because	 the	 enzyme	 is	 from	 a	 thermophile	 and	 is	 more	 active	 at	 higher	
temperatures.	For	this	reason	the	reaction	was	set	up	at	higher	enzyme	concentration,	
but	 higher	 product	 concentration	 was	 not	 detected	 (not	 shown).	 Reaction	 was	 not	
performed	 at	 higher	 temperatures,	 although	 enzymatic	 activity	 would	 probably	
increase,	because	oNPG	would	hydrolyse	spontaneously	and	the	product	stability	may	
be	at	stake.	
From	 all	 the	 analysed	 candidates,	 one	 enzyme	 stood	 out:	 β-galactosidase	 from	 E.	
cloacae	synthesised	three	times	more	gaxilose	than	E.	coli	enzyme	(blue	in	 left-	Figure	
2.	 12).	 Other	 two	 enzymes	 presented	 the	 same	 synthesis	 yield	 as	 E.	 coli	 enzyme:	 L.	












Plotting	 gaxilose	 concentration	 versus	 galactose	 concentration	 (transglycosylation	




It	 is	 interesting	 to	 highlight	 that,	 for	 the	 enzyme	 from	 P.	 thiaminolyticus	 which	























































y = + 0.54 + 1.52 x




































y = + 0.54 + 1.52 x




































y = + 0.54 + 1.52 x




































y = + 0.54 + 1.52 x



































y = + 0.54 + 1.52 x












Transglycosidase	 and	 hydrolase	 initial	 rates	 were	 calculated	 (Table	 2.	 7).	 β-
galactosidases	from	B.	longum	(GH42)	and	T.	neapolitana	(GH42)	exhibited	the	highest	
















as	 E.	 coli,	 E.	 cloacae	 or	 S.	 rectivirgula,	 produced	 different	 final	 yields	 of	 gaxilose	
formation.	 The	 extent	 of	 secondary	 hydrolase	 activity	 depends	 on	 the	 affinity	 of	 the	
enzyme	for	the	transglycosylation	product.	Therefore,	initial	rates	could	not	be	used	as	


































































































7),	E.	coli	β-galactosidase	presented	higher	 transglycosidase	 intial	 rate	 and	E.	cloacae	
had	higher	 hydrolase	 initial	 rate,	 but	 it	was	 the	 second	 enzyme	 that	 achieved	 higher	
yield	of	gaxilose.	This	 indicates	 that	 it	 could	have	 lower	secondary	hydrolysis	and/or	
no	product	inhibition.	
Laboratory	 conditions	 used	 in	 the	 above	 experiments	 were	 chosen	 for	 kinetic	
characterization	under	 initial	 “homogeneous	 conditions”.	However,	during	 the	 course	
of	 the	 reaction	 some	 turbidity	 appeared.	 Reactions	 were	 monitored	 until	 turbidity	
appeared	and	reactions	did	not	reach	high	reaction	conversion	(40-50%).	 In	order	 to	
re-evaluate	 the	 outstanding	 enzymes	 at	 higher	 reaction	 conversions,	 new	 conditions	






Under	 these	 new	 evaluation	 conditions	 (5	 mM	 oNPG-25	 mM	 xylose),	 only	 three	
candidates	 were	 selected	 for	 further	 analysis.	 The	 E.	 cloacae	 enzyme	 was	 selected	
because	 it	was	able	 to	 synthesise	gaxilose	 in	higher	yield	and,	besides,	presented	 the	
best	T/H	ratio.	L.	delbrueckii	and	S.	rectivirgula	enzymes	reached	similar	yields	than	

































































Vo Gal Vo b-1,3 Vo b-1,2





































































Vo Gal Vo b-1,3 Vo b-1,2








































































Vo Gal Vo b-1,3 Vo b-1,2


















and	 control	 enzyme	 from	E.	coli)	 during	more	 than	 24h	 (Figure	 2.	 15).	 All	 enzymes	
showed	 a	 maximum	 in	 gaxilose	 production	 and	 from	 this	 time	 point	 enzymes	
hydrolysed	the	product	at	different	rates.	In	addition,	once	enzymes	began	to	hydrolyse	
gaxilose,	galactose	amount	increased:	indicating	that	the	decrease	of	gaxilose	is	due	to	
hydrolysis	 and	not	because	of	 the	 synthesis	of	 other	oligosaccharides	 (gaxilose	 could	
act	as	a	donor	and/or	acceptor	for	further	tranglycosylation	reactions).	
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than	E.	coli;	while	 in	 laboratory	conditions	reached	nearly	 the	same	yield.	 In	addition,	
the	same	decrease	was	also	observed	in	T/H	ratio,	(right-Figure	2.	17).	One	possible	
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	 	 	 2.3.3.3	Industrial	conditions	
Even	 though	 the	 enzymes	 were	 assayed	 in	 two	 different	 conditions,	 it	 was	 also	
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y = -4.3·10-4 + 2.6·10-2
R2 = 0.94 
y = -9.0·10-4 + 5.3·10-2



















y = -4.3·10-4 + 2.6·10-2
R2 = 0.94 
y = -9.0·10-4 + 5.3·10-2



















y = -4.3·10-4 + 2.6·10-2
R2 = 0.94 
y = -9.0·10-4 + 5.3· 0-2











Time	 course	 of	 the	 reactions	 was	 also	 evaluated	 for	 more	 than	 40	 h.	 Different	
behaviours	were	observed:	while	 the	galactosidase	 from	E.	cloacae	did	not	hydrolyse	
gaxilose	 (it	 seemed	 it	 had	 arrived	 in	 a	plateau	zone),	 the	 other	 three	 enzymes,	 after	
achieving	 a	 maximum,	 began	 to	 hydrolyse	 gaxilose	 (Figure	 2.	 18).	 However,	 the	






of	 gaxilose	 (Table	 2.	 10).	 Nevertheless,	 the	 E.	 cloacae	 enzyme	 did	 not	 begin	 to	
hydrolyse	 gaxiose;	 probably	 as	 a	 result	 of	 its	 lower	 secondary	 hydrolysis	 and/or	
because	of	enzyme	inactivation.	Enzymes	did	not	hydrolyse	gaxilose	in	such	a	high	rate	
as	they	did	in	laboratory	or	analytical	conditions.	Different	hypothesises	could	explain	













































y = 0.08 + 1.56 x
y = 0.27 + 3.44 x

















y = 0.08 + 1.56 x
y = 0.27 + 3.44 x

















y = 0.08 + 1.56 x
y = 0.27 + 3.44 x
















of	enzyme	(Figure	2.	20).	 If	 the	enzyme	dose	was	doubled	(5	U),	 the	 initial	 rate	was	
higher	 and	 the	 achieved	 yield	 increased	 accordingly.	 However,	 when	 higher	 enzyme	
concentration	was	used,	initial	rates	were	higher	but	gaxilose	hydrolysis	began	earlier	
(in	 10h	 reaction	 for	 10	 U	 used	 and	 in	 2.5h	 for	 20	 U	 and	 30	 U).	 Higher	 enzyme	
concentration	 seemed	 to	 increase	 reaction	 yield,	 but	 it	 needs	 shorter	 times	 to	 avoid	
product	 hydrolysis.	 In	 conclusion,	 the	 amount	 (or	 concentration)	 of	 enzyme	must	 be	








After	 analysing	 the	 candidates	 under	 three	 different	 conditions	 (laboratory,	






Analytical	 conditions	were	 used	 to	 evaluate	 three	 of	 the	 nine	 enzymes	 in	 order	 to	
monitor	 the	 reactions	 along	 time	 up	 to	 high	 degree	 of	 conversion	 in	 homogeneous	
conditions.	These	conditions	exhibited	the	same	behaviour	as	in	laboratory	conditions:	





































	In	 addition,	 T/H	 ratio	 was	 higher	 for	 E.	 cloacae	 β-gal	 under	 the	 three	 analysed	
conditions	(Table	2.	11).	Industrial	conditions	showed	the	highest	T/H	ratio,	followed	

















	 Lab	conditions	 Analytical	conditions	 Industrial	conditions		
E.	cloacae	 1.52	 5.3·10-2	 3.44	
E.	coli	 0.69	 2.6·10-2	 1.57	
	 Regioselectivity	
	 Lab	conditions	 Analytical	conditions	 Industrial	conditions		
E.	cloacae	 79-81%	 73-89%	 70%	












- Glycosidase,	 hydrolase	 and	 transglycosydase	 activities	 of	 the	 nine	 candidates	
were	 quantified	 under	 different	 reaction	 conditions.	 Firstly,	 laboratory	
conditions	discarded	six	enzymes	and	one	enzyme,	 the	β-galactosidase	 from	E.	
cloacae,	 stood	 out.	 Under	 analytical	 and	 industrial	 conditions	 E.	 cloacae	 β-
galactosidase	 confirmed	 its	 ability	 to	 synthesise	 gaxilose	 in	 higher	 yields	 and	
better	T/H	ratios	 than	 the	currently	used	E.	coli	β-galactosidase.	Therefore,	β-















be	 used	 in	 the	 industrial	 production	 of	 gaxilose.	 This	 new	 enzyme	 presented	 better	
characteristics	 under	 laboratory	 conditions	 (greater	 yields,	 higher	 T/H	 ratio)	
compared	to	the	E.	coli	enzyme.	
Next	step	was	characterizing	β-galactosidase	from	E.	cloacae	in	order	to	describe	it	
and	 understand	 its	 behaviour.	 Furthermore,	 the	 production	 of	 the	 enzyme	 has	 to	 be	
scaled	 up	 to	 test	 the	 enzyme	 under	 semi-industrial	 conditions,	 to	 finally	 reach	
industrial	production	level	(1000	L	bioreactor).		
The	 hydrolytic	 activity	 (primary	 and	 secondary)	 of	 E.	 cloacae	 β-galactosidase	
impeded	 to	 achieve	 higher	 yields	 of	 gaxilose	 production.	 In	 this	 scenario,	 protein	
engineering	appeared	as	a	solution	to	modify,	and	improve,	enzyme	activity.	It	offers	
several	tools	to	change	enzyme	characteristics	and	finally	optimize	gaxilose	production.	
Protein	 engineering	 is	 based	 on	 the	 creation	 of	 altered	 forms	 of	 a	 known	 enzyme	
that	exhibit	one	or	more	of	the	following	properties:	i)	an	increased	catalytic	function,	ii)	
an	altered	substrate	specificity	or	regioselectivity	(the	engineered	protein	is	capable	of	
catalysing	 the	 conversion	 of	 substrates	 other	 than	 the	 wildt	 type	 enzyme),	 iii)	 an	
increased	 in	 stability	 in	 the	 reaction	 environment	 (thermostability,	 organic	 solvent	
resistance),	iv)	novel	properties.	
Protein	 engineering	 can	 be	 carried	 out	 by	 two	main	 strategies:	 rational	 design	 or	
directed	 evolution.	 In	 rational	 design,	 specific	 changes	 in	 amino	 acid	 sequence	 are	
proposed	based	on	a	detailed	knowledge	of	protein	structure,	function	and	mechanism,	
and	 then	 introduced	 using	 site	 directed	 mutagenesis	 301.	 Therefore	 a	 deep	
understanding	of	the	mechanism	is	needed.	On	the	other	hand,	directed	evolution	does	
not	 require	 information	 about	 enzyme	 structure	 or	 mechanism.	 This	 technique	




sequence,	 structure	 and/or	 function	 to	 preselect	 promising	 target	 sites	 and	 limited	




Directed	 evolution	 strategies	 are	 subject	 to	genetic	 diversity	 and	high	 throughput	
screening	 or	 selection	 (HTSOS)	 methods.	 Genetic	 diversity	 can	 be	 generated	 by	
advanced	 molecular	 biology	 methods	 including	 random	 mutagenesis,	 gene	
recombination	 or	 semi-rational	 mutagenesis	 (focused	 mutagenesis)	 302,307–309:	 the	
mutant	libraries	quality	plays	a	key	role	in	finding	improved	mutants.	
The	 High-throughput	 screening	 (HTS)	method	 is	one	of	 the	 crucial	 steps	 in	 any	
directed	evolution	experiment.	Screening	refers	 to	evaluation	of	every	protein	 for	 the	
desired	 property,	 while	 selection	 eliminates	 automatically	 non-functional	 variants.	
Most	high-throughput	screening	processes	used	in	GHs	are	based	on	spectroscopically	
monitoring	 the	 progress	 of	 a	 chemical	 reaction.	 Several	 fluorogenic	 or	 chromogenic	
substrates	 can	 be	 used	 to	 detect	 and	 monitor	 cleavage	 reactions,	 but	 they	 are	 not	
associated	with	 bond	 formation	 (transglycosylation).	Moreover,	 another	 difficulty	 for	








in	 higher	 yield	 than	 the	 E.	 coli	 β-galactosidase	 and	 that	 the	 other	 eight	 candidates	






































Transglycosidase	 specific	 activity	 was	 evaluated	 and	 compared	 to	 E.	 coli	 β-
galactosidase	 (Figure	 3.	 1	 and	 Table	 3.	 2).	 Transglycosidase	 specific	 activity	 was	

























Hydrolase	 activity	 is	 also	 present	 in	 transglycosylase	 reaction	 (as	 explained	
CHAPTER	1,	1.3.2	),	(B-	and	B’	Figure	3.	2).	Galactose	release	is	the	result	of	oNPG	and	

















































Therefore,	 hydrolase	 specific	 activity	 could	 be	 also	 determined	 under	
transglycosylase	 reaction	 (Figure	 3.	 3	 and	 Table	 3.	 3).	 Activity	 could	 be	 evaluated	
using	 enzyme	 concentration	 (mM)	 or	 using	 enzymatic	 units	 (U),	 as	 did	 in	
transglycosidase	 specific	 activity.	 It	 showed	 that	 E.	 coli	 β-galactosidase	 hydrolyses	












































































The	effects	of	pH	and	 temperature	on	 the	 transglycosidase	activity	of	E.	cloacae	β-
galactosidase	were	evaluated.	
Optimum	pH	 for	hydrolase	activity	was	 reported	previously.	 It	was	described	 that	
the	enzyme	was	highly	active	and	stable	in	the	pH	range	of	6.5-10.5	291.	In	this	project	
pH	effects	were	evaluated	for	the	transglycosylase	and	glycosidase	reactions.		

































pKa	(nucleophile	residue)	 5.6	±	0.1	 6.2	±	0.1	 6.1	±	0.1	

























60oC,	 where	 it	 remained	 constant.	 Hydrolase	 specific	 activity	 also	 increased	 with	
temperature	 (cross-	 Figure	 3.	 6).	 T/H	 ratio	 versus	 temperature	 is	 plotted	 in	 right-
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Hydrolysis	 is	 always	 present	 in	 transglycosylase	 reactions	 (Figure	 3.	 2).	 β-
Galactosidases	 can	 hydrolyse	 their	 substrate	 (primary	 hydrolysis,	 oNPG)	 and	 also	
hydrolyse	 the	 formed	 products	 (secondary	 hydrolysis,	 gaxilose),	 as	 explained	 in	
CHAPTER	2	(see	1.3.2).	
A	 hydrolytic	 evaluation	 (glycosidases	 activities)	 was	 carried	 out	 using	 oNPG	 and	
gaxilose	 as	 substrates.	 The	 main	 goal	 was	 to	 compare	 primary	 and	 secondary	
hydrolysis	 of	 β-galactosidases	 of	 E.	 coli	 and	 E.	 cloacae	 on	 these	 substrates.	 Both	
enzymes	 were	 active	 on	 oNPG	 and	 gaxilose	 with	 different	 rates	 (Table	 3.	 5).	 Both	
enzymes	hydrolyse	oNPG	faster	than	gaxilose.	E.	coli	β-galactosidase	hydrolyses	oNPG	
1.3-fold	 faster	 than	gaxilose,	 in	contrast	 to	 the	E.	cloacae	enzyme	that	does	 it	8.7-fold	
faster.	 This	 difference	 in	 substrate	 affinity	 could	 explain	 why	 the	 E.	 cloacae	 enzyme	
presents	higher	productivity	compared	to	the	one	from	E.	coli:	whenever	there	may	be	
oNPG	in	the	transglycosylation	reaction,	gaxilose	would	remain	un-hydrolyzed.	
Although	 these	hydrolysis	 reactions	did	not	exactly	mimic	 the	actual	 reaction	 (not	
all	substrate	and	products	were	present),	 the	analysis	allowed	to	conclude	that	E.	coli	






















%  specific activity (Gal)




























gaxilose	 up	 to	 36-fold	 faster	 than	 E.	 cloacae	 β-galactosidase.	 This	 characteristic,	
together	with	 the	difference	 in	oNPG	hydrolysis,	explains	 the	better	yields	 in	gaxilose	





A	 test	under	 industrial	conditions	was	 indispensable	 to	 fully	evaluate	E.	cloacae	β-
galactosidase	and	 to	be	able	 to	calculate	 the	yield	and	quality	of	 the	purified	 isolated	
product.	Gaxilose	production	scale	up	included	an	intermediate	step	at	10	g-scale.	This	









E.	coli	 106,119	±	38,223	 81,107	±	2,935	 1.3	
E.	cloacae	 19,206	±	1,157	 2,207	±	230	 8.7	
E.	coli/E.	cloacae	 5.5	 36.7	 	




































The	 whole	 process	 (upstream	 reaction	 and	 downstream	 purification)	 was	
performed	in	a	similar	manner	to	that	performed	with	E.	coli	β-galactosidase	(see	1.5).	
While	with	β-galactosidase	from	E.	coli	the	gaxilose	yield	was	21-22%,	with	E.	cloacae	
the	 yield	 was	 35%.	 Moreover,	 the	 E.	 cloacae	 enzyme	 had	 a	 higher	 regioslectivity	 as	
previously	shown:	under	this	conditions	E.	cloacae	presented	a	regioselectivity	of	95%,	
while	 E.	 coli	had	 it	 around	 85%.	 Altogheter,	 these	 results	 indicate	 that	 E.	 cloacae	 β-
galactosidase	is	a	better	enzyme	for	the	production	of	gaxilose	than	that	of	E.	coli,	and	
thus	one	of	the	goals	of	project	had	been	completed.	
Next	 steps	 for	 the	 scale-up	 of	 the	 process	 to	 an	 industrial	 scale	 requires	 the	
industrial	production	of	the	E.	cloacae	β-galactosidase.	This	task	has	proven	to	be	very	
challenging.	 At	 the	 point	 where	 the	 experiments	 of	 this	 thesis	 were	 interrupted,	 the	






β-galactosidase.	 Nevertheless,	 there	 is	 still	 room	 for	 improvement	 of	 the	 enzymatic	
reaction,	e.g.	decreasing	hydrolysis	and	increasing	transglycosylation.	In	this	scenario,	
protein	engineering	provides	useful	tools	to	modify	and	improve	enzymes.		
Protein	 engineering	 on	 E.	 cloacae	 β-galactosidases	 was	 performed	 using	 three	
methodologies:	
Box	3.	1	Industrial	production	of	gaxilose:	enzyme	amount	
Reaction	 at	 the	 industrial	 scale	 (12	 kg	 oNPG)	 needs	 216,000	 U	 (18,000	
U/1	kg	oNPG)	for	the	complete	reaction.	Protein	expression	at	 laboratory	





A) RATIONAL	 APPROACH.	 The	 E.	 cloacae	 β-galactosidase	 structure	 was	 analysed	
searching	 for	 suitable	 positions	 to	modify	 enzymatic	 activity.	 Point	mutations	
were	 rationally	 designed	 and	 obtained	 by	 site	 directed	 mutagenesis.	 Their	
hydrolase	and	transglycosydase	activities	were	evaluated.	
B) SITE	SATURATION	MUTAGENESIS	was	carried	out	in	previously	studied	positions.	The	
main	 goal	 is	 searching	 for	 the	 optimum	 amino	 acid	 change.	 The	 libraries	
obtained	by	site	saturation	mutagenesis	were	analysed	by	a	HTS	assay	(set	up	in	
3.2.1).	






In	 order	 to	 be	 able	 to	 analyse	 the	mutant	 versions	 of	 the	 enzyme,	 an	 appropriate	
screening	method	needs	to	be	implemented.	Most	of	HTS	methods	for	GHs	are	based	on	
monitoring	 spectroscopically	 the	 progress	 of	 a	 chemical	 reaction.	 However,	 bond	
formation	is	difficult	to	detect	in	HTS	mode.	The	screening	method	used	in	this	project	






method	 is	 based	 on	 the	 detection	 of	 enzyme	 activation/deactivation	 by	 acceptor	
addition.	
β-Galactosidase	 activity	 is	 measured	 using	 a	 substrate	 that,	 when	 hydrolysed,	
releases	 an	 aglycone	 that	 can	 be	 detected	 colorimetrically.	 Two	 substrates	 had	 been	
used	 for	 activity	 measurement:	 oNPG	 or	 X-Gal	 (5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside).	oNPG	hydrolysis	releases	oNP	that	will	be	detected	by	absorbance	









3.10).	 It	 is	 assumed	 that	 using	 low	 donor	 concentration,	 aglycone	 released	 is	 only	
linked	 with	 hydrolytic	 activity	 and	 not	 with	 self-condensation	 reaction.	 Acceptor	
(xylose)	 addition	 partially	 inhibits	 the	 hydrolytic	 activity	 (red	 Figure	 3.10)	 and	
therefore	a	decrease	of	oNP,	or	 indigo	 from	X-gal,	may	be	detected.	Concurrently,	 the	
presence	of	xylose	adds	another	reaction,	transglycosylation	(B,	Figure	3.10)	that	also	





The	 main	 goal	 is	 to	 search	 for	 mutants	 that	 increase	 aglycone	 release	 in	 the	







agar	plate	would	be	 carried	out	without	 the	 lysis	 step,	 analysing	 colonies	directly	 on	



















E.	 coli	 galactosidase	 activity	 may	 interfere	 with	 that	 of	 the	 recombinant	 enzyme.	 In	
order	 to	 avoid	 false	positives	 in	 the	 screening	of	mutants,	 an	∆lacZ	E.	coli	 strain	was	
used.	 In	 addition	 to	 β-galactosidase	 deficiency,	 the	 E.	 coli	 strain	 should	 be	 able	 to	
express	 recombinant	 proteins.	 Among	 different	 strains,	 TOP10	 was	 selected.	 This	
strain	 has	 non-functional	 β-galactosidase	 (mutation	 lacZΔM15),	 it	 is	 able	 to	 express	
recombinant	proteins	and	besides	it	can	be	transformed	with	double	or	single-stranded	
DNA	(Box	3.	2).	
pBAD	 expression	 vector	was	used	to	subclone	and	express	the	E.	cloacae	gene	 in	
TOP10	 cells.	pBAD	 vector	 allows	 the	 inducible	 expression	of	 cloned	proteins	using	 L-
arabinose	as	inducer.		













This	 strain	 is	 efficient	 for	 transformation	 of	 unmethylated	 DNA	 from	 PCR	 amplifications	
(hdsdR).	 It	 is	 also	 useful	 for	 clean	 preparations	 of	 DNA	 due	 to	 the	 elimination	 of	 a	 non-
specific	 digestion	 by	 Endonucelase	 I	 (endA1)	 and	 reduced	 occurrence	 of	 unwanted	










The	pBAD	 plasmid,	 induced	 by	 L-arabinose,	 expresses	 fusion	 proteins	 with	 a	 C-terminal	














	Several	 studies	 have	 applied	 similar	 screening	 methods	 to	 transglycosylating	
glycosidases	in	LB	agar	plates	129,130,310.	The	agar	plates	assay	used	X-gal	as	a	substrate.	
X-gal	 is	 not	 the	 substrate	 used	 for	 gaxilose	 production.	 Therefore,	 some	 differences	
between	X-Gal	and	oNPG	reactivity	can	occur.	Glycosidase	activity	with	X-Gal	substrate	





























































- A	 second	 plate	 with	 X-gal,	 L-arabinose	 and	 xylose	 for	 protein	 induction	 and	
detection	of	transglycosidase	activity.		
Those	 mutants	 showing	 intense	 blue	 colour	 on	 the	 second	 plate	 (high	





Screening	 conditions	 were	 set	 up	 with	 the	 wild	 type	 enzyme	 varying	 inducer	
concentration	 (L-arabinose,	 0.2%-0.002%),	 xylose	 (10	 mM	 -	 100	 mM),	 temperature	
(37oC	 or	 23oC)	 and	 incubation	 time	 (6h	 -	 14h).	 The	 addition	 of	more	 inducer,	 higher	
temperature	or	 longer	 incubation	 times	generated	colonies	 that	 turn	blue	 too	quickly	
and	 differences	 between	 plates	 would	 be	 difficult	 to	 detect.	 The	 finally	 selected	
conditions	were	the	optimal	ones	according	to	laboratory	availability.	
Temperature	 increase	 caused	 faster	 activity	 and	 it	 was	 more	 difficult	 to	 detect	
changes	 in	 plates.	 Therefore,	 temperature	 was	 set	 up	 at	 24oC	 to	 ease	 color	 changes	
detection.	
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drawback	to	 finely	 tune	xylose	concentration	was	 the	 lack	of	availability	of	a	positive	






empty	 vector	 were	 evaluated	 in	 LB-Ap	 agar	 plates	 with	 inducer	 (L-arabinose),	





























In	collaboration	with	Prof.	Charles	Tellier	group,	 their	method	was	applied	 for	 the	
screening	of	random	libraries	of	β-galactosidase	from	E.	cloacae	(3.2.3.3).	
Its	main	advantage,	 compared	with	 the	replica	plating	assay,	 is	 the	use	of	a	digital	
imaging-based	 system	 for	 quantification	 and	 comparison	 of	 enzymatic	 activities	 on	
agar	plates.		
The	procedure	is	composed	of	three	steps	(Figure	3.	17).	Firstly,	transformed	cells	
are	 spread	onto	 a	nitrocellulose	membrane	 (0.45	μm,	21x21	 cm2).	This	membrane	 is	
then	 placed	 on	 LB-Ap	 agar	 plates	 and	 grown	 overnight	 at	 37oC.	 Secondly,	 the	
membrane,	with	colonies	grown	on	it,	is	transferred	onto	a	fresh	agar	plate	of	minimal	
medium	(15	g/L	agar,	100	mM	phosphate,	pH	7.0)	containing	X-Gal	and	L-arabinose	for	
1	 hour	 at	 room	 temperature.	 This	 step	 allows	 the	 enzyme	 to	 be	 expressed	 and	 to	
hydrolyse	the	chromogenic	X-Gal	substrate,	but	not	to	grow.	Thirdly,	the	nitrocellulose	




























































inhibition	 or	 the	 activation	 of	 the	 enzymatic	 activity	 by	 acceptor	 addition.	 Liquid	





Adjusting	 screening	 conditions	 involves	 the	 evaluation	 of	 the	 effect	 of	 xylose	
concentration	 on	 enzymatic	 release	 of	oNP	 (Figure	 3.	 19).	 Assay	 set-up	was	 carried	
out	using	the	wild	type	enzyme.	It	was	performed	with	purified	protein	and	with	crude	
extract	of	induced	cell	cultures;	the	same	results	were	obtained	in	both	cases.	
Different	 concentrations	 of	 xylose	 (0-1	M)	were	 added	 to	 reactions	with	 constant	
amount	 of	 oNPG	 (10	 mM).	 oNP	 release	 was	 monitorized	 and	 the	 initial	 rates	 were	
determined.	Xylose	did	not	induce	more	than	a	diminution	of	5	%	using	up	to	100	mM	
(Figure	3.	19):	activity	began	to	decrease	with	xylose	100	mM.	Acceptor	at	0.5	-	1	M	





















caused	 up	 to	 30%	 inhibition.	 The	
final	 assay	 includes	 the	use	0	 -	 300	











Xylose	 inhibits	 wild	 type	 enzyme	 activity,	 as	 described	 bibliographically.	 If	
transglycosylation	 is	 not	 high	 enough,	 inhibition	 effect	 masks	 transglycosylation,	
(Figure	3.	20).	
It	 was	 checked	 that	 enzyme	 presented	 transglycosidase	 activity	 under	 those	
conditions	 (Figure	 3.	 20).	 Transglycosidase	 activity	 increased	 dramatically	with	 the	
addition	 up	 to	 100	mM	 xylose,	 then	 it	 increased	 at	 a	 lower	 rate.	 On	 the	 other	 hand,	
hydrolysis	 decreased	 with	 xylose	 concentration	 up	 to	 100	 mM	 xylose,	 when	 the	
hydrolytic	activity	was	stable.	The	 fact	 that	both	activities	change	 their	behaviours	at	
xylose	 concentration	 higher	 than	 100	 mM	 xylose	 may	 indicate	 that	 above	 that	
concentration,	xylose	inhibits	hydrolase	and	transglycosidase	activities	(in	accordance	



































In	 this	 work,	 both	 strategies	 were	 used.	 The	 rational	 approach	 requires	 previous	







β-galactosidase	 structure	 as	 template	 (homology	modelling,	 (Box	3.	 3)),	while	 the	E.	
cloacae	β-galactosidase	structure	was	being	solved	 in	collaboration	with	 the	group	of	
Dr	Alberto	Marina	at	Instituto	de	Biomedicina	de	Valencia	(IBV-CSIC)	(3.2.2.2).	
	Structural	 model	 was	 built	 using	 the	 structure	 from	 E.	 coli	 β-galactosidase	 as	
template.	Both	proteins	are	composed	of	five	domains	and	they	form	a	homotetramer.	











Homology	 modelling	 plays	 a	 central	 role	 in	 determining	 protein	 structure;	 it	 is	
extensively	used	due	lack	of	experimentally	known	3D	structures	of	some	target	proteins.	
Computational	 approaches	 are	 employed	 to	 bridge	 the	 gap	 between	 the	 number	 of	
known	sequences	and	that	of	3D	models.	A	protein	sequence	with	over	30%	identity	to	a	
known	structure	can	often	be	predicted	with	an	accuracy	equivalent	to	a	low-resolution	
X-Ray	 structure	 412.	 Recent	 advances	 in	 homology	 modelling	 (e.g.	 detecting	 distant	
homologues,	 aligning	 sequences	with	 template	 structures,	modelling	 of	 loops	 and	 side	
chains,	as	well	as	detecting	errors	in	a	model)	have	contributed	to	a	reliable	prediction	of	
protein	structure	413.	
Homology	modelling	 usually	 consists	 of	 the	 following	 steps	 414:	 1)	 identification	 of	 the	















There	 were	 fifty-nine	 structures	 of	 β-galactosidase	 from	 E.	 coli	 in	 PDB	 database	
(www.rcsb.org	 185,186)	 (as	of	April	 2016);	 among	 them,	 there	were	 ten	with	 substrate	
bound	 in	 a	 deep	 binding	 mode.	 Structure	 in	 deep	 binding	 mode	 was	 selected	 to	 be	
employed	 as	 a	 template	 because	 it	 is	 the	 active	 form	 of	 the	 enzyme.	 Structure	4DUV	
from	PDB	was	selected	to	be	used	as	a	template	(it	is	in	deep	binding	mode	and	it	has	a	






experimentally	 determined	 structures	 of	 related	 family	 members	 as	 templates	 (e.g.	





the	 template	 search	 method.	 The	 resulting	 GMQE	 score	 is	 expressed	 as	 a	 number	
between	0	and	1:	higher	numbers	indicate	higher	reliability.	Our	model	had	0.83	and	it	
was	considered	reliable	for	further	evaluations.	
The	 modelled	 structure	 of	 E.	 cloacae	 β-galactosidase	 is	 composed	 of	 a	 central	
domain	 (green-	 Figure	 3.	 22),	 which	 is	 the	 catalytic	 domain,	 sorrounded	 by	 two	





























Protein	 structures	 superposition	 only	 let	 to	 detect	 small	 divergences	 (up-circles-









with	 research	 group	 of	 Dr.	 Alberto	 Marina	 at	 IBV-CSIC,	 the	 protein	 structure	 of	 E.	
cloacae	β-galactosidase	was	solved.	
Twelve	mg	 of	 inactive	mutant	 E539A	were	 used	 in	 several	 conditions	 for	 protein	
crystallization	trials.	E539A	was	used	to	obtain	the	crystal	structure	of	the	enzyme	with	
entrapped	 product	 (gaxilose)	 to	 better	 understand	 product	 interactions	 and	 enzyme	
mechanistic	details.	




2.1	 Å	 resolution.	 Its	 structure	 was	 based	 on	 space	 group	 P21	 and	 the	 unit	 cell	 was	
formed	 by	 a	 dimer	 of	 tetramers.	 Therefore,	 eight	 monomers	 composed	 the	 unit	 cell	
(each	monomer	had	1,029	amino	acids).	
Different	structures	were	obtained	with	or	without	substrate.	The	analyses	of	these	
structures	 revealed	 only	 subtle	 differences	 between	 β-galactosidases	 from	E.	 cloacae	
and	 E.	 coli.	 (Note:	 at	 the	 time	 of	 the	 composition	 of	 this	 thesis,	 only	 structures	with	
open	loop	where	obtained	(shallow	mode)).	
Crystal	 structure	obtained	was	compared	with	 the	built	model	 (3.2.2.1)	 (Figure	3.	
24).	The	observed	differences	between	both	structures	were:	
- Mobile	 loop	position:	 the	model	was	built	with	E.	coli	β-galactosidase	 in	deep	


































The	 first	 attempt	 to	 improve	enzymatic	 activity	was	 a	 rational	 approach.	The	 first	
step	was	the	analysis	of	the	protein	structure:	catalytic	site,	including	catalytic	residues	
and	residues	involved	in	substrate	binding.	
β-Galactosidases	 from	E.	cloacae	and	E.	coli	share	65%	of	 identity:	due	 to	 this	high	






Xylose	 was	 employed	 in	 the	 docking	
(Box	 3.	 4)	 analyses	 to	 study	 acceptor	
interactions	(+1	subsite)	using	the	model	
previously	 constructed	 (3.2.2.1).	
Simulation	 was	 performed	 using	 a	
covalently-bound	 galactose	 in	 -1	 subsite,	 to	 mimic	 an	 enzyme-substrate	 covalent	
intermediate.	 This	 would	 mimic	 xylose	 environment	 before	 the	 second	 step	 of	 the	
reaction	 (Figure	 3.	 25).	 The	 galactose	molecule	was	 added	 to	 the	 catalytic	 site	 of	E.	
cloacae	enzyme	 by	 superposition	 of	 the	 model	 with	 E.	 coli	 structure	 that	 contains	 a	







More	 than	 twenty-five	 relevant	 residues	 linked	 to	 galactosidase	 activity	 and/or	
substrate(s)	 binding	 were	 proposed.	 Residues	 were	 selected	 because:	 A)	 they	 were	
described	 in	 the	 E.	 coli	 enzyme	 (65%	 identity)	 to	 have	 a	 role	 in	 activity	 or	
Box	3.	4	Docking	
Docking	 procedures	 model	 physical	
interactions	 focusing	 on	 the	 final	
configuration	of	the	complex.	It	 is	a	useful	
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Bibliographic	 search	 and	 docking	 results	 indicated	 that	 some	 amino	 acid	 residues	
were	essential	 for	enzymatic	activity.	For	this	reason,	they	were	discarded	for	further	
mutagenesis	 because	 modifications	 were	 designed	 to	 modulate	 activity,	 or	 change	
water-substrate-enzyme	 interactions,	 but	 not	 to	 abolish	 enzymatic	 catalysis.	 Taking	
into	 account	 those	 considerations,	 eight	 of	 the	 twenty-five	 pre-selected	 amino	 acids	
were	 chosen	 for	 mutagenesis.	 The	 selected	 residues	 (column	 1),	 their	 selected	



































Mutants	 glycosidase	 and	 transglycosidase	 activities	 were	 evaluated.	 Firstly,	
glycosidase	 activity	 on	 oNPG	was	 studied	 (Table	 3.	 8).	R390H	mutant	was	 the	 only	
non-active	 enzyme	 on	 oNPG.	 Mutants	 N104L,	 R390K,	 H420W,	 Y505F	 and	 Y505Q	
decreased	activity	by	200-2,000-fold.	Decrease	could	be	caused	by:	A)	modification	of	
essential	 amino	 acids;	 B)	 too	 radical	modifications	 (left-Figure	 3.	 26).	Mutations	 on	
R390	 and	 Y505	 could	modify	 nucleophile	 reactivity,	 nucleophile	 position	 or	 even	 its	
pKa	value.	On	the	other	hand,	positions	H420	and	N104	interact	with	acid/base	residue	
and/or	subsite	+1.	Trp	for	His420	substitution	must	be	a	too	big	size	modification	and	















































Analytic conditions  








Asn104 Leu 1/630 Not detected  Not detected 
Val105 Trp 1/1.5 (5.80± 0.16)·10-3 0.01-0.02 8-9 mM 
Leu359 His 1/3 (1.25 ± 0.08)·10-4 0.01 0.8-1 mM 
Arg390 
Lys 1/2,600 Not detected  Not detected 
His - Not detected  Not detected 
His420 Trp 1/430 Not detected  Not detected 
Tyr505  
Phe 1/600 minimum  minimum 
Gln 1/2,200 Not detected  Not detected 
Phe603 Leu 1/2 (1.24 ± 0.33)·10-3 0.01 2.5 mM 





1/10 (1.04 ± 0.26)·10-3 0.04-0.05 4 mM 

















Once	 glycosidase	 activity	 had	 been	 evaluated,	 transglycosidase	 activities	 at	
analytical	and	 industrial	 conditions	were	analysed.	Mutants	with	reduced	glycosidase	
activity	 on	 oNPG	 did	 not	 exhibit	 transglycosidase	 activity	 at	 any	 condition	 assayed.	
Mutants	 that	 retain	 glycosidase	 activity	 revealed	 that	 transglycosidase	 initial	 rates,	















Laboratory	 conditions	 were	 also	 analysed	 for	 a	 longer	 time	 course	 (20h)	 but	 the	
same	behaviour	was	observed:	 the	highest	gaxilose	yields	and	 the	highest	T/H	ratios	
belonged	to	the	wild	type	enzyme	(data	not	shown).	
Point	 mutations	 did	 not	 render	 any	 improved	 enzyme.	 N606S	 and	 V105W	


















































































Three	 positions	 were	 selected	 for	 site-directed	 saturation	 mutagenesis	 based	 on	
presented	hypothesis.	
1)	V105	was	selected	because	V105W	mutant	was	able	to	maintain	gaxilose	synthesis,	
albeit	 at	 lower	T/H	 ratio.	 It	was	 hypothesised	 that	 another	 change	 could	 improve	
T/H	ratio	and	consequently	increase	gaxilose	synthesis.	
2)	 L359	 is	 the	 only	 amino	 acid	 residue	 in	 the	 active	 site	 of	E.	coli	and	E.	cloacae	 β-
galactosidases	 that	 differs	 between	 both	 enzymes:	E.	 coli	has	 a	 histidine,	 while	E.	
cloacae	has	a	leucine.	E.	cloacae	L359H	enzyme	showed	a	decrease	in	activity	and	a	
decrease	in	T/H	ratio.	If	the	T/H	ratio	is	compared	between	the	three	galactosidases	







3)	 H420W	 mutant	 showed	 a	 huge	 decrease	 in	 activity.	 Position	 420	 interacts	 with	
galactose	moiety	through	a	water	molecule	and	with	the	acid/base	residue	through	
















Mg2+;	 it	 does	 not	 interact	 directly	with	 the	 catalytic	 residues.	 Trp	 substitution	 for	
H420	 causes	 a	 change	 that	 decrease	 activity	 (probably	 due	 to	 a	 loss	 of	 important	







and	one	 codon	 stop,	 obtained	with	degenerated	primers	 (NNK)	 (Box	3.	 5).	The	 total	
number	 of	 codons	 was	 reduced	 to	 32	 and	 to	 cover	 95%	 of	 all	 variants,	 94	 colonies	
needed	to	be	screened.	
	
NNK	 libraries	 were	 analysed	 with	 the	 HTS	 method	 described	 previously	 (3.2.1).	





been	 randomized	 in	 desired	 position.	 Sequence	 analysis	 allowed	 to	 determine	 the	
variability	in	the	selected	positions	(Figure	3.	29).	
Box	3.	5	Library	NNK	
Saturation	 mutagenesis	 is	 frequently	 used	 in	 deep	 mutational	 scanning.	 The	 amino	
acids	 at	 selected	positions	are	 replaced	by	 the	 20	amino	acids.	 The	 randomization	 is	
obtained	 typically	 via	 degenerate	 primers	 containing	 a	 mixture	 of	 sequences	 at	 the	
chosen	codons.	To	decrease	the	chances	of	introducing	a	premature	stop	codon,	reduce	
codon	sets	are	often	used:	NNB,	NNS	and	NNK	codons	are	popular	choices	that	encode	




acids.	 In	addition,	NNK	library	 spans	32	 codons	and	 therefore,	94	colonies	 should	be	











E.	coli	TOP10	 cell	were	 transformed	with	 the	 individual	 libraries	 and	 transformed	
cells	were	screened	by	means	of	the	replica	plating	assay	(1st	screening	step).	From	this	
analysis,	several	 transformed	cells	were	selected	to	move	on	to	the	2nd	screening	step.	
To	 select	mutants	 in	 liquid	 screening	analysis	 (effect	on	oNP	release	with	addition	of	
xylose),	 activity	 should	 accomplish	 two	 features:	 A)	 rates	 should	 be	 higher	 than	
spontaneous	hydrolysis;	 B)	oNP	 release	 should	 increase	with	 xylose	 addition.	 If	 both	
conditions	 occurred,	 clones	 were	 selected	 as	 candidates	 for	 further	 sequencing	 and	
characterization.		







Seven	mutants	were	 found	 in	 the	 screening	 cascade	 of	 the	 three	 libraries:	 V105G	





Mutants	 V105G	 and	 V105T	 were	 analysed:	 glycosidase	 (13	 mM	 oNPG)	 and	










H420	 352	 72	 8	 Leu	(1),	His	(7)	
L359*	 403	 72	 12	 Ala	(1),	Glu	(2),	Gly	(4),	Pro	(3),	Leu	(2)	
















Transglycosidase	 reaction	 was	 also	 evaluated.	 Firstly,	 analytical	 conditions	 were	
used	 to	 determine	 initial	 rates	 of	 transglycosidase	 (Table	 3.	 10).	 V105G	 and	 V105T	
exhibited	 similar	 initial	 rate	 than	 wild	 type	 and	 their	 T/H	 ratios	 did	 not	 show	 any	
significant	difference	compared	to	the	wild	type	enzyme.		
Longer	 reaction	 times	 were	 tested	 under	 analytical	 and	 industrial	 conditions,	
(Figure	3.	30).	All	analysed	conditions	proved	 that	mutant	V105T	catalysed	gaxilose	
production	 in	 higher	 yields	 than	 wild	 type	 (A-industrial	 conditions;	 B-	 analytical	
conditions	with	0,3	U	of	enzyme;	C-	analytical	conditions	with	0,6	U	of	enzyme	(Figure	






















Wild	type	 205.5	±	29.9	 (4.99	±	0.73)·10-3	 0.1	
V105G	 172.2	±	2.9	 (3.92	±	1.0)·10-3	 0.08-0.1	
V105T	 149.9	±	16.0	 (1.84	±	0.25)·10-3	 0.1	



















































































































it	 achieved	higher	gaxilose	yields.	 It	 could	be	caused	by:	A)	 less	product	 inhibition,	B)	
less	formation	of	other	products;	C)	enhanced	enzyme	stability.	
	V105T	provides	a	higher	hydrophilic	catalytic	site	(opposite	to	what	was	intended	
in	 the	 point	 mutations	 section	 above	 (3.2.3.1),	 where	 Trp	 was	 chosen	 to	 increase	
hydrophobicity	 and	 decrease	 subsite	 size).	 Threonine	 at	 position	 105	 could	 interact	
better	with	xylose	and	improve	path	for	binding.	On	the	other	hand,	it	can	be	observed	
that	Thr	at	position	105	could	 interact	with	E802,	 the	 latter	 residue	belonging	 to	 the	
mobile	loop	described	previously	(i.	INTRODUCTION)	(Figure	3.	31).	Threonine	could	
establish	an	H-bond	with	E802	and	the	hydrogen	bond	formation	could	cause	several	




interactions	with	acceptor	could	 impede	xylose	reactivity,	but	 it	also	could	cause	 less	
interactions	 with	 galactose	 at	 subsite	 +1	 (product	 that	 could	 inhibit	 galactosidase	
activity)	and	obtain	higher	conversion	yields,	 as	observed.	 (This	 could	be	checked	by	
analysing	 protein	 inhibition	 by	
galactose).	This	residue	 is	also	 in	
E.	coli	β-galactosidase	(E797)	and	
it	 is	 described	 that	 it	 interacts	
with	 the	 hydroxyl	 at	 C1	 of	 the	
glucose	moiety	 when	 the	 loop	 is	
closed	 and	with	 R599	when	 it	 is	
open	 165,175,176.	 Changing	 its	 H-
bond	 network,	 the	 loop	 could	


















In	 addition,	V105T	 could	 also	 add	an	 interaction	with	R284	 from	domain	2	of	 the	
adjacent	 monomer.	 This	 interaction	 could	 make	 the	 catalytic	 site	 narrower	 and	
improve	substrates	binding.	





















3.	 32).	 Monitoring	 gaxilose	 concentration	 with	 time	 (left-Figure	 3.	 32)	 showed	 that	
L359P	was	able	to	synthesise	nearly	gaxilose	with	nearly	the	same	yield	than	wild	type.	
L359A	 and	 L359E	 synthesised	 half	 of	 the	 amount	 compared	 to	 the	 wild	 type,	 while	
L359G	 and	 H420L	 were	 not	 able	 to	 achieve	 significant	 yields	 of	 gaxilose.	 T/H	 ratio	
analysis	(right-Figure	3.	32)	showed	that	L359A	and	L359P	mutants	displayed	nearly	





alanine	 and	 proline,	 respectively,	 maintain	 hydrophobicity	 but	 the	 two	 mutations	
involve	a	reduction	in	size.	In	addition,	proline	confers	rigidity	to	the	polypeptide	chain.	
























(Box	 3.	 6),	 the	 standard	
method	 for	 random	
mutagenesis	 is	 the	 error-
prone	 PCR	 (epPCR)	method	
because	 of	 its	 robustness	
and	simplicity.		
The	epPCR	was	 the	most	
suitable	 technique	 to	 be	
applied	 on	 the	 catalytic	
domain	 of	 E.	 cloacae	 β-
galactosidase	 (domain	 3,	 310	 amino	 acids)	 for	 the	 sake	 of	 library	 size	 reduction	 (if	
epPCR	was	applied	on	whole	gene	sequence	(1029	aa),	the	library	would	have	been	of	
202019	mutants;	randomized	only	catalytic	site	helps	to	reduce	library).	






Several	 techniques	 have	 been	 developed	 and	 applied	 to	
build	 random	 mutagenized	 libraries.	 These	 methods	 can	
be	 classified	 into	 three	main	 categories:	1)	 enzyme	based	
methods,	 2)	 chemical	 mutagenesis	 and	 3)	 whole	 cell	
methods	307,316.		
Enzyme	based	methods	include	known	techniques	such	as	
error-prone	 PCR	 125,317,318	 and	DNA	 shuffling	 319,320.	There	
are	a	number	of	procedures	based	on	PCR	techniques	such	











































































Combination	 of	 point	mutations	 (3.2.3.1.3)	 led	 to	 a	 library	 of	 144	mutants	 (when	





Four	 positions	 had	 two	 possibilities,	 N104-V105-L359-H420	 (mutant	 and	 wild	
type),	 and	 two	 positions	 had	 three	 possibilities,	 R390-Y505	 (two	 mutants	 and	 wild	
type).	 Therefore,	 that	 library	 had	 144	 combinations	 (24	x	 32).	 The	main	 goal	 was	 to	







Digital	 screening	method	 developed	 previously	 by	 Prof.	 Charles	 Tellier	 group	 (3.)	
was	 applied	 in	 diverse	 libraries:	 one	 from	 multi	 site-directed	 mutagenesis	 and	 two	
libraries	obtained	from	randomized	domain	3.		
In	 first	 screening	 step	 (agar	 plate	 screening)	 twenty	 colonies	 were	 selected	 as	


















Domain	 3	 library	 was	 thoroughly	 analysed.	 Six	 plates	 were	 analysed	 with	 5,027	
colonies	spread	on	them	(Table	3.	13).	Digital	image	processing	allowed	the	selection	
of	 ninety-six	 colonies	 for	 the	 second	 screening	 step.	 Liquid	 screening	 (2nd	 screening	
step)	allowed	to	distinguish	twenty-four	promising	colonies.		








































Gaxilose	production	was	 implemented	 in	 Interquim	S.A.	after	process	optimization	




searching	 and	 selecting	 another	 β-galactosidase	 able	 to	 improve	 current	 enzyme’s	
performance,	and	the	evaluation	of	this	new	enzyme.		The	analyses	of	optimal	reaction	
conditions	(pH,	temperature)	and	evaluation	of	the	enzyme	at	semi-industrial	scale	(10	
g	 oNPG)	 allowed	 to	 achieve	 35%	 of	 pure	 gaxilose.	 (CHAPTER	 3).	 Moreover,	 protein	
engineering	has	been	used	to	modify	enzyme	and	improve	transgalactosidase	capacity.	
One	 mutant	 version	 of	 the	 selected	 enzyme	 achieves	 higher	 gaxilose	 yield	 under	
laboratory	conditions	(CHAPTER	3).		











the	 filling	 of	 a	 patent	 application	 “Enzymatic	 process	 for	 the	 preparation	 of	 4-O-β-D-
galactopyranosyl-D-xylose”	 (application	number	EP17382668.6	 ,	 priority	date	Oct	5th,	
Box	3.	7.	Previous	patents	on	the	project	
Previously,	 different	 patents	 had	 protected	 gaxilose	 synthesis.	 Spanish	 patent	 ES-P-
9001680	(1996)	describes	a	chemical	method	for	preparing	gaxilose	with	high	number	
of	steps	that	implies	selective	protection,	glycosylation	and	deprotection	reactions.	This	
procedure	 had	 elevated	 costs	 and	 it	 had	 difficulties	 to	 be	 carried	 out	 on	an	 industrial	
scale.	Later	on,	Spanish	patents	ES-9502185	(1997)	and	ES-P-9701156	(1997)	made	 it	
possible	to	obtain,	in	a	single	reaction,	mixtures	of	2-,	3-	and	4-O-β-D-galactopyranosyl-
D-xylose	 from	 lactose	 using	 transglycosylation	 activity.	 However,	 this	 process	 had	
difficulties	from	the	industrial	synthesis	point	of	view.	
Gaxilose	 synthesis	 procedure	 was	 optimized	 using	 E.	 coli	 or	 Klyveromyces	 lactis	 β-
galactosidase	 and	 it	 was	 protected	 by	 a	 European	 patent,	 EP1408118	 (2002).	 This	






















to	 enzyme	Units	 used	 (activity	 on	oNPG).	 This	 comparison	 showed	higher	 initial	
rates	of	 transglycosidase	 for	E.	cloacae	β-galactosidase.	Additionally,	 this	enzyme	
showed	higher	T/H	ratio.	










the	E.	cloacae	 β-galactosidase,	 compared	 to	 the	21-23%	when	 the	E.	coli	enzyme	
was	used.	Therefore,	a	better	biocatalyst	was	developed	and	thus	one	of	the	goals	
of	project	was	completed.	





tetramers.	Therefore,	 eight	monomers	 compose	 the	unit	 cell	 (each	monomer	has	
1,029	amino	acids).	
• N606S	 and	 V105W	 maintain	 gaxilose	 production	 with	 lower	 T/H	 ratio.	 This	









amino	 acids.	 Site	 saturation	 mutagenesis	 (NNK	 libraries)	 were	 analysed	 with	
screening	method	set	up	previously.	
































Glycosidases	 (GHs)	 have	 an	 intrinsic	 ability	 to	 form	 glycosidic	 bonds	 through	
transglycosylation	 (e.g.	 glucosidases	 337–339	 ,	 galactosidases	 151,221,	 chitinases	 340).	 This	
thesis	 focused	on	 the	use	of	 a	β-galactosidase	enzyme	as	a	 tool	 for	 the	 synthesis	of	 a	
disaccharide	 with	 pharmaceutical	 interest	 (gaxilose)	 and	 the	 search	 for	 improved	
biocatalysts.	
The	 challenge	 of	 using	 glycosidases	 as	 synthetic	 tools	 to	 catalyzed	 glycoside	 bond	






In	 this	 work,	 a	 new	 enzyme	 with	 a	 better	 performance	 than	 the	 current	 enzyme	
used	in	gaxilose	production	was	found:	the	β-galactosidase	from	Enterobacter	cloacae.	
It	had	been	previously	described	that	 this	enzyme	had	some	transglycosidase	activity	
with	 several	 substrates	 230,231,291,	 albeit	 the	 products	 of	 those	 reactions	 were	 not	
characterised.	The	E.	cloacae	β-galactosidase,	from	GH2	(CAZy),	has	high	similarity	with	




degree	 of	 similarity	 allowed	 us	 to	 compare	 some	 characteristics:	 e.g.	 the	





loop	 and	 residues	 involved	 in	 the	 loop	 movement	 165,168,172).	 Intramolecular	
allolactose	 synthesis	 requires	 the	 loop	 (from	 domain	 5	 172)	 as	 well	 as	 the	
residues	 involved	 in	 its	opening	and	closing	(residues	that	contribute	to	bind	
and	orient	the	glucose	moiety	and	stabilize	the	transition	state)	172,341.	The	rate	




and	 therefore	 the	 potential	 of	 exhibiting	 transglycosidase	 activity	 with	 other	
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substrates,	 as	 it	 has	 been	 the	 case.	 However,	 it	 was	 unpredictable	 that	
transglycosidation	would	be	higher	than	that	of	the	E.	coli	enzyme.		




E.	 coli	 β-galactosidase?	 The	 answers	 can	 be	 found	 in	 small	 divergences	 between	
enzymes,	which	 some	 of	 them	have	 been	 identified	 (e.g.	 H357	 from	E.	 coli	and	 L359	
from	E.	cloacae,	deeply	analysed	later).	




anaerobes,	 that	 ferment	 sugars	 to	 produce	 lactic	 acid	 and	 other	 end-products.	Many	
members	of	 this	 family	are	part	of	 the	gut	 flora	 found	 in	 the	 intestines	of	humans	or	
other	 animals	 and	 others	 are	 found	 in	water	 or	 soil,	 or	 are	 parasites	 on	 a	 variety	 of	
different	animals	and	plants.	While	 the	primary	habitat	of	E.	coli	is	 the	vertebrate	gut	
343,	 E.	 cloacae	 can	 be	 found	 in	 diverse	 environments,	 ranging	 from	 plants	 to	 soil	 to	
human	 intestines	 344,345.	 Specifically,	 β-galactosidase	 used	 in	 this	 work	 was	 from	 E.	
cloacae	B5,	a	strain	isolated	from	the	soil	229.	The	distinct	niches	of	E.	coli	and	E.	cloacae	
could	 have	 influenced	 differently	 the	 evolution	 of	 both	 β-galactosidase	 allolactose-
depending	 expression	 systems	 and	 therefore	 change	 the	 enzyme	 activity.	 It	 could	 be	
hypothesised	 that	 higher	 transglycosidase	 activity	 of	 the	 E.	 cloacae	 β-galactosidase,	
that	leads	to	a	higher	amount	of	allolactose,	could	be	due	to	(1)	the	need	of	to	produce	
allolactose	 (the	 operon	 natural	 inducer)	 in	 an	 environment	 where	 lactose	 is	 not	
abundant,	i.e.	the	E.	cloacae	β-galactosidase	produces	same	amount	of	allolactose	than	
the	E.	coli	enzyme	with	less	amount	of	lactose.	It	is	tempting	to	speculate	that	E.	cloacae	
B5	habitat	may	have	 less	amount	of	 lactose	 (if	 compared	with	 intestinal	habitat	of	E.	
coli).	 In	 that	 condition,	 the	 lower	 hydrolytic	 activity	 of	 E.	 cloacae	 would	 not	 render	
useful	 compounds	 as	 carbon	 sources,	 as	 it	 would	 be	 the	 case	 for	 the	 E.	 coli	enzyme	
(hydrolysis	 of	 lactose	 would	 render	 glucose	 and	 galactose).	 Conversely,	 higher	
transglycosilation	would	allow	the	bacterium	to	build	up	more	complex	carbohydrates	
that	may	be	used	as	carbon	and	energy	sources.	In	this	sense,	E.	cloacae	may	use	its	β-
galactosidase	 with	 anabolic	 purposes,	 profiting	 from	 the	 rich	 plethora	 of	 catabolic	
compounds	 generated	 by	 other	 microscopic	 prokaryotes	 or	 eukaryotes	 (i.e.	 algae,	
fungi,	 yeasts)	 in	 the	 ecologic	 niche.	 Another	 possibilities	 could	 be	 that	 (2)	 the	 β-
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galactosidase	needs	 to	produce	more	 inducer	because	 the	 repressors	of	E.	coli	and	E.	





low	 lactose	 concentration,	 needed	 for	 β–galactosidase	 expression.	 Their	 high	
transglycosidase	activities	in	nature	make	them	good	candidates	for	being	employed	as	





The	 use	 of	 GHs	 for	 glycoside	 bond	 formation	 is	 linked	 to	 their	 intrinsic	 hydrolase	
activity,	as	previously	mentioned.	Different	strategies	to	modify	hydrolase	activity	and	
increase	the	T/H	ratio	have	been	approached	by	protein	engineering.	One	of	the	most	
successful	 and	 general	 strategies	 to	 remove	hydrolysis	 is	 the	 so	 called	 glycosynthase	
technology,	 developed	 by	 Planas	 and	 co-workers	 (1998)	 114	 at	 the	 Biochemistry	
laboratory	of	IQS	School	of	Engineering	in	Barcelona,	and	by	the	Withers’	 team	in	the	
Chemistry	 Department	 at	 the	 University	 of	 British	 Columbia	 (UBC)	 in	 Vancouver	
(1998)	 113.	 This	 approach	 uses	 highly	 reactive	 glycoside	 donors	 and	 hydrolytically	
inactive	mutant	 enzymes	 (mutation	of	 the	 catalytic	 nucleophile	 to	 a	 non-nucleophilic	
amino	 acid,	 see	 INTRODUCTION).	 There	 are	 numerous	 examples	 of	 success	 in	 the	
literature	following	this	strategy	(113–116,118–121,346–349).	Nevertheless,	this	approach	could	
not	be	applied	 to	 the	 synthesis	of	gaxilose	due	 to	 the	difficulty	 in	obtaining	activated	
glycosyl	 donors	 (e.g.	 glycosyl	 fluorides)	 at	 appropriate	 scale	 and	 price	 for	 industrial	
production.	
Beyond	 the	 glycosynthase	 technology,	 there	 are	 no	 general	 rules	 to	 increase	
transglycosylation	 in	 GHs	 (increasing	 transglycosidase	 activity	 and/or	 diminishing	
hydrolysis).	 Structural	 information	 does	 not	 give	 clear	 clues	 for	 understanding	 the	
effect	of	mutation	on	the	T/H	ratio.	Highly	conserved	amino	acids	near	the	active	site	
are	involved	in	stabilization	of	the	transition	states	(TS)	and	most	mutations	will	have	
an	 unpredictable	 effect	 since	 they	 will	 impact	 on	 both	 the	 glycosylation	 and	
deglycosylation	 steps	 124,350–352.	 However,	 there	 are	 some	 strategies	 that	 have	 been	





the	 enzyme	 to	 introduce	 new	 or	 improved	 interactions	 with	 the	 acceptor	 substrate	
with	 the	 aim	 of	 increasing	 acceptor	 affinity	 129,131,272,310,357,358	 and	 (3)	 modulating	 the	





a	 moderate	 transglycosylation	 yield	 (18%),	 a	 point	 mutation	 (R69H)	 at	 a	 position	
highly	 conserved	 in	 clan	 GH-A	 was	 obtained.	 It	 displayed	 slightly	 increased	
transglycosylation	 activity	 and	 severely	 reduced	 hydrolase	 activity.	 Then,	 other	
mutations	were	 sequentially	 introduced	 using	 semi-rational	 and	 in	 silico	 approaches.	
Two	 positions	 on	 positive	 subsites	 (+1	 and	 +2)	 were	 selected	 with	 the	 goal	 of	
introducing	 “new	 or	 improved	 interactions	 with	 the	 acceptor	 substrate”,	 and	 a	








Another	 example	 of	 transglycosidase	 improvement	 was	 performed	 by	 Tellier	 and	
Dion’s	 team.	 Their	 work	 was	 focused	 on	 the	 β-glycosidase	 of	Thermus	 thermophilus.	









close	 contact	with	 the	 catalytic	 residues.	Mutations	 of	 these	 positions	 induced	 lower	





Other	 examples	 exist	 in	 the	 bibliography	 that	 use	 a	 single	 mutation	 to	 increase	
transglycosidation.	 Random	 mutagenesis	 was	 used	 in	 the	 β-galactosidase	 from	
Geobacillus	 stearothermophilus	 and	 a	 single	 mutant	 (R390K)	 with	 increase	 synthetic	
capacity	was	found	289.	The	mutated	residue	disturbed	the	interaction	network	with	the	




In	 this	 work,	 some	 of	 these	 strategies	 have	 been	 used	 to	 design	 the	 mutants.	









Position	 359	 is	 highly	 conserved	 on	 β-
galactosidases	 from	 family	 2.	 The	 sequences	
alignment	 of	 75	 characterised	 β-galactosidases	
from	 family	 GH2 3 	reveals	 that	 histidine	 is	 a	
universally	 conserved	 amino	 acid	 in	 this	
position	 (Appendix	 A.4.1).	 Structural	 studies	 of	
the	 β-galactosidase	 from	 E.	 coli	 with	 transition	
state	 analogue	 inhibitors	 showed	 that	 the	
nitrogen	 of	 that	 histidine	 (H357)	 interacts,	 via	
water	 molecules,	 with	 the	 C3	 hydroxyl	 of	 the	
transition	 state	 analogue	 168,362.	 These	 data	
indicate	 that	 H357	 interacts	 weakly	 with	 the	 ground	 state.	 The	 E.	 cloacae	 β-
galactosidase	contains	a	 leucine	 instead	of	a	histidine	 in	 this	position,	 therefore	L359	














(e.g.	 alter	 the	 interaction	 of	 the	 H393	 residue,	 equivalent	 H391	 in	 E.	 coli	 β-
galactosidase,	which	is	described	to	stabilize	the	transition	state,	primarily	affecting	the	
galactosylation	 step	 363).	 This	 change	 could	modify	 transition	 state	 energy	 and	 favor	
transglycosylation	 over	 hydrolysis	 (modify	 substrate	 network	 has	 shown	 to	 improve	
transglycosidase	 in	 several	 studies	 357,364,365),	 which	 is	 a	 hypothesis	 that	 seems	 to	 be	
proved	by	our	experimental	data	showing	the	higher	T/H	rate	of	the	E.	cloacae	enzyme.	
Moreover,	the	change	in	substrates’	interactions	has	also	an	effect	on	the	hydrolysis	of	
the	 product	 too	 (E.	 cloacae	 enzyme	 hydrolyses	 36-fold	 less	 gaxilose	 than	 E.	 coli	
enzyme).	The	study	of	the	L359H	mutant	allowed	to	determine	that	the	T/H	ratio	was	
reverted	 and	 the	mutant	 behaves	 as	 the	E.	 coli	enzyme.	 Thereby,	 this	 position	 has	 a	
clear	 effect	 on	 T/H	 ratio.	 The	 screening	 of	 a	 site	 saturation	 library	 on	 this	 position	
ended	 up	 with	 the	 selection	 of	 four	 candidates:	 Ala,	 Glu,	 Gly	 and	 Pro.	 Altough	 clear	
results	 were	 not	 obtained,	 L359P	 and	 L359A	 seem	 to	 have	 a	 neutral	 effect	 on	 the	
enzyme	 (which	 could	 be	 explained	 because	 proline	 and	 alanine	 substitutions	
maintained	 a	 non	 polar	 and	 neutral	 side	 chain,	 probably	 needed	 to	 maintain	
hydrophobicity	and	to	not	contribute	on	the	substrate	network).		
R390	 is	 also	 a	 conserved	 residue	 in	 β-
galactosidases	from	family	2	(Appendix	A.4.2).	
It	 forms	 direct	 interactions	 with	 the	
nucleophile	 residue	 (E539)	 and	 other	
conserved	 residues,	 such	 as	 H393	 and	N462	
(also	highly	conserved	 168)	 (Figure	D.	2).	The	
equivalent	 asparagine	 to	 N462	 in	 E.	 coli	 β-
galactosidase	(N460	in	the	E.	coli	enzyme)	has	
been	 described	 to	 stabilize	 the	 transition	
state	while	destabilizing	 the	bound	substrate	
366.	 Wheatley	 and	 co-workers	 showed	 that	
N460	 interacts	 with	 the	 O3	 hydroxyl	 of	 the	
galactosyl	moiety	 in	 the	 shallow	mode	 and	with	 the	 O2	 hydroxyl	 in	 the	 deep	mode,	
contributing	to	stabilize	the	TS.	It	is	well	known	that	H-bond	interactions	between	the	
2-hydroxy	 group	 and	 the	 catalytic	 nucleophile	 stabilizes	 the	 development	 of	 positive	
charge	 at	 the	 oxocarbenium-like	 TS	 124,352,367–370.	 Diverse	 studies	 show	 that	 mutated	
residues	 from	the	 first	and	second	shell	of	 the	subsite	 -1	can	cause	a	reorientation	of	
the	 amino	 acids	 that	 are	 in	 contact	with	 the	 substrate	 and	 result	 in	 a	 better	 docking	
energy	 (α-L-fucosidase	 from	 Thermotoga	 maritima	 365	 or	 α-L-fucosidase	 from	












reduced	 hydrolase	 and	 but	 also	 transglycosidase	 activity	 relative	 to	 the	 wild	 type	
enzyme,	suggesting	that	the	function	of	the	nucleophile	residue	has	been	impaired	by	
the	local	changes.		
The	Y505	 residue	 is	 also	 highly	 conserved	 in	
all	the	analysed	β-galactosidases	from	family	GH2	
(Appendix	 A.4.3)	 (Figure	 D.	 3).	 Mutation	 of	 the	
equivalent	tyrosine	in	the	β-galactosidase	from	E.	
coli	resulted	 in	a	 large	decrease	of	 the	hydrolase	
activity	 371–373.	 Later	 on,	 it	 was	 proven	 that	 this	
residue	 may	 be	 important	 for	 the	
degalactosylation	 step	 for	 its	 ability	 to	 transfer	
protons	and	to	facilitate	cleavage	of	the	transient	
covalent	 bond	 between	 galactose	 and	 the	
nucleophile	 residue	 374.	 The	 tyrosine	 residue	
between	subsite	-1	and	+1	has	shown	to	have	an	
impact	 on	 T/H	 ratio	 on	 other	 enzymes,	 e.g.	 mutation	 F401S	 on	 β–glycosidase	 from	
Thermus	 thermophilus	 (located	 opposite	 subsite	 -1)	 induced	 a	 significant	 shift	 of	 the	
product	within	the	binding	site	at	subsite	+1	and	it	favored	transglycosylation	(60-75%	
yield)	 353.	 Amino	 acid	 mutations	 near	 the	 catalytic	 residues	 can	 change	 active	 site	
electrostatics	 that	 can	 lead	 to	 a	 modification	 of	 the	 T/H	 ratio	 and	 increase	
transglycosylation	as	shown	in	a	chitinase	form	Serratia	marcescens	(D142N)	357.	In	this	
work,	 the	 Y505F	 and	 Y505Q	 mutants	 showed	 a	 reduction	 of	 glycosidase	 activity	 of	
about	 600-fold	 and	 2,000-fold,	 respectively.	 But	 this	 reduction	 in	 hydrolase	 activity	
was	 not	 reflected	 by	 an	 increase	 of	 the	 T/H	 ratio	 since	 Y505F	 exhibited	 very	 low	
transglycosidase	 activity	 whereas	 the	 Y505Q	 mutant	 completely	 lost	 detectable	
transglycosylation	activity.	In	the	light	of	the	results,	Y505Q	and	Y505F	mutations	may	





residue	 is	 involved	 in	 the	 coordination	 of	 the	 Na+	 ion	 366.	 This	monovalent	 cation	 is	
coordinated	with	O6	hydroxyl	of	galactose	(or	a	water	molecule	when	substrate	is	not	
bound)	165,167;	Na+	affects	the	affinity	of	substrates,	the	stability	of	the	transition	states	
and	 the	 stability	 of	 the	 covalent	 intermediate	 375.	 Another	 example	 is	 Thermotoga	










also	 has	 an	 asparagine	 (N574)	 at	 the	 same	
position	interacting	with	the	galactosyl	moiety.	
The	 T.	 maritima	 β-galactosidase	 was	 studied	
and	it	was	hypothesized	that	a	disruption	of	the	
hydrogen	 bond	 between	 galactose	 and	 the	
asparagine	 would	 cause	 a	 decrease	 in	 activity	
due	 to	 loss	 of	 stabilizing	 interactions	 that	
would	diminish	the	affinity	of	the	enzyme	to	the	
substrate	 157.	 Even	 though	 asparagine	mutants	
showed	 a	 decrease	 of	 glycosidase	 activity,	 the	
authors	 detected	 an	 increase	 of	
transglycosidase	 activity	 (around	 30%-40%).	
They	 suggested	 that	 it	 was	 probably	 due	 to	 a	












improving	 acceptor	 binding	 (2)	 (residues	 H420	 and	 F603)	 or	 modifying	 subsite	
entrance	path	(3)	(residues	N104	and	V105).	
The	N104	residue	is	not	highly	conserved	among	the	GH2	family	(Appendix	A.4.5).	It	
is	 located	in	a	 loop	in	domain	1	and	it	 is	part	of	 the	catalytic	cavity.	 In	this	work,	 this	
residue	was	mutated	to	 leucine.	Addition	of	hydrophobic	amino	acids	to	decrease	the	
access	 of	 water	 to	 the	 glycosyl-enzyme	 intermediate	 had	 been	 performed	 in	 other	
studies	to	decrease	hydrolase	activity,	e.g.	a	mutation	to	modify	the	positioning	of	the	
nucleophilic	 water	 molecule	 position	 and	 thereby	 increase	 the	 possibility	 of	 other	
substrates	 to	 act	 as	 acceptors	 (H497M),	 as	 in	 the	 case	 of	 an	 α-galactosidase	 from	
Bifidobacterium	 adolescentis	 361.	 In	 this	 work,	 the	 N104L	 substitution	 reduced	 the	
glycosidase	 activity	 by	 more	 than	 600-fold,	 but	 no	 transglycosidase	 activity	 was	
















substrates	 (from	 docking	 analysis).	 Mutations	 located	 in	 the	 outer	 regions	 of	 the	
catalytic	site	have	shown	to	lower	the	rates	of	hydrolysis	reactions,	while	maintaining	
primary	 catalytic	 function	 376.	 Moreover,	 adding	 hydrophobicity	 could	 reduce	




of	 the	 wild	 type	 enzyme,	 however	 the	 T/H	 ratio	 was	 lower.	 This	 position	 seemed	
important	for	T/H	ratio	but	not	essential	 for	catalysis.	An	analysis	of	a	site	saturation	
library	 on	 the	105	position	 found	 a	 new	promising	mutant:	 V105T.	 This	mutant	was	
able	to	synthesise	gaxilose	with	higher	yield	(approx.	20%	higher)	without	affecting	the	
T/H	 ratio.	 V105T	 achieved	 higher	 conversions	 and	 therefore	 gaxilose	 yields	 were	
higher.	This	improvement	could	be	caused	by	different	reasons:	less	product	inhibition	
(some	β-galactosidases	are	 inhibited	by	galactose	 377–379),	 less	by-products	 (220,380–382),	
or	 less	product	hydrolysis	or	enhancement	of	enzyme	stability.	V105T	could	alter	 the	
network	of	binding	 interactions	with	substrate	
at	 subsite	 +1	 (e.g.	 reorganitzation	 of	 the	
substrate	 network	 by	 modifying	 residues	 on	
the	 second	 shell	 can	 improve	
transglycosylation,	 as	 shown	 for	 a	 chitinase	
mutant	from	Serratia	marcescens	(W167A)	131).	
Threonine	hydroxyl	group	could	add	some	new	
interactions,	 e.g.	 with	 E802.	 This	 new	 H-bond	
could	(Figure	D.	5):		
1)	Favor	the	closed	conformation	of	the	loop	
and	 it	 could	help	 substrate	movement	 to	
the	 shallow	 binding	 mode	 (needed	 for	
activity).	 The	 loop	 mainly	 in	 the	 closed	
conformation	 did	 not	 increase	
transglycosidase	 activity	 on	 E.	 coli	 β-


















2)	 Another	 possibility	 is	 that	 this	 new	 interaction	 modifies	 E802	 network.	 It	 is	
described	 that	 the	E802	equivalent	residue	 in	 the	E.	coli	β-galactosidase	(E798)	
interacts	 with	 an	 arginine	 (R599)	 when	 the	 loop	 is	 open	 (weak	 electrostatic	
interactions)	 165,175	 and	 with	 glucose	 when	 loop	 is	 closed	 366.	 If	 E802	 interacts	
with	 threonine	 of	 position	 105,	 it	 could	 change	 interactions	with	 the	 substrate	
(affecting	xylose	binding,	galactose	inhibition	or	gaxilose	binding)	and	modify	the	
transition	state.		
The	 H420	 residue	 is	 present	 in	 many	 β-galactosidases	 from	 family	 2	 (Appendix	
A.4.2).	It	has	been	described	that	the	equivalent	histidine	in	the	E.	coli	β-galactosidase	is	
important	 for	 acceptor	 binding:	 it	 forms	water-bridged	 interactions	 with	 glucose	 C2	
and	C3	hydroxyl	groups	via	water	molecules	176.	This	histidine	also	interacts	with	Mg2+	
and	 together	 modulate	 the	 central	 role	 of	 the	 acid/base	 catalytic	 residue	 383.	 The	
importance	 of	 aromatic	 residues	 in	 determining	 the	 T/H	 ratio	 had	 been	 observed	 in	
several	 GHs:	 e.g.	 Lundemo	 and	 co-workers	 showed	 an	 improvement	 of	
transglycosylation	 by	 addition	 of	 a	 third	 platform	 for	 aglycone	 binding	 site	 (N220F)	
and	 G222F)	 384.	 However,	 in	 the	 current	 work,	 the	 H420W	mutant	 showed	 a	 strong	
reduction	 of	 glycosidase	 activity	 and	 a	 suppression	 of	 transglycosidase	 activity.	 This	
loss	 of	 activity	 could	 be	 due	 to	 a	 distortion	 in	 the	 subsite	 cavity	 caused	 by	 a	 size	
modification	(histidine	to	tryptophan)	and	a	loss	of	essential	interactions.	Screening	of	
a	 site	 saturation	 library	 in	 position	 420	 ended	 up	 with	 the	 selection	 of	 the	 H420L	
mutant.	Leucine	amino	acid	would	modify	interactions	with	the	acceptor	moiety	and	it	
could	 change	 the	 TS,	 as	 shown	 in	 other	 enzymes	 364,365:	 Matsui	 and	 co-workers	 had	
shown	 that	 mutations	 to	 non-aromatics	 residues	 could	 cause	 slight	 changes	 in	 the	
binding	 topology	 of	 substrates	 to	 favor	 transglycosylation	 over	 hydrolysis	 355.	 This	
mutant	deserves	further	thorough	analyses.	
F603	 is	 quite	 conserved	 among	 GH2	 β-galactosidases	 (Appendix	 A.4.4),	 and	 it	 is	
reported	 to	 have	 relevant	 roles	 in	 shallow	 and	 deep	 binding	 modes.	 E.	 coli	 β-
galactosidase	studies	have	described	that	this	residue	interacts	with	a	serine	from	the	
mobile	 loop	and	with	C6	of	 the	galactosyl	moiety	 in	 the	 shallow	binding	mode	 175.	 In	
deep	mode,	 it	 interacts	with	an	arginine	 (599	 for	E.	coli	and	601	 for	 the	E.	cloacae	β-
galactosidase)	via	the	π	electrons	of	a	phenylalanine	and	the	guanidinium	cation	of	the	
arginine;	all	movements	are	guided	by	a	methionine	(M542	for	E.	coli	and	M544	for	E.	
cloacae	 β-galactosidase)	 177,178.	 This	 position	 has	 also	 been	 studied	 for	 the	 β-
galactosidase	 from	 Thermotoga	 maritima	 157,	 where	 a	 substitution	 of	 this	 position	
(F571L)	 improved	 transglycosylation	 (around	 40%).	 Docking	 and	 modeling	 studies	
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reduction	 of	 glycosidase	 activity	 of	 more	 than	 10-fold,	 as	 well	 as	 a	 decrease	 of	 the	








site	 are	 good	 targets	 for	 obtaining	 very	 efficient	 mutants	 for	 transglycosidation	
(129,136,354,356).	However,	in	this	work,	the	most	interesting	result	has	been	a	mutation	of	
a	 non-conserved	 position	 located	 on	 the	 outer	 region	 of	 the	 catalytic	 site:	 V105	 (a	
residue	 selected	 by	 docking	 analysis).	 The	 combination	 of	 site	 directed	mutagenesis	






works	 39,43,46	 and	 it	 is	 based	 on	 the	 search	 of	 enzymes	with	 a	 high	 T/H	 ratio.	 In	 the	
current	work,	it	has	been	applied	to	three	libraries	of	site	saturation	mutagenesis	and	
one	 of	 random	mutagenesis.	 Site	 saturation	 libraries	were	 analysed	 and	 one	mutant	




T/H	 ratio	 than	 the	 wild	 type	 enzyme.	 Therefore,	 colonies	 selected	 were	 those	 with	








release,	 oNP	 or	 5-5’-dibromo-4,4’-dichloro-indigo)	 would	 be	 independent	 of	 the	
acceptor	concentration	57.		
-	 If	 k3	 or	 k4	 are	 rate-limiting,	 the	 reaction	 rate	 would	 increase	 as	 a	 function	 of	
acceptor.	
	
It	has	been	discussed,	 for	 the	β-galactosidase	 from	E.	coli,	 that	galactosylation	step	




1,	 L359	 an	 H357,	 and	 interactions	 with	 donor	 moiety,	 directly	 affecting	
galactosylation).	 Therefore,	 it	 would	 be	 interesting	 analyse	 this	 feature	 in	 further	
experiments	 to	clarify	 if	 the	screening	method	used	 for	 the	E.	cloacae	β-galactosidase	
was	 searching	 for	 mutants	 with	 increased	 T/H	 ratio	 or	 mutants	 with	 high	
transglycosidase	 activity	 (if	 the	 transglycosylation	 is	 high	 enough,	 the	 enzyme	 could	
recover	inhibition	effect	with	the	addition	of	xylose,	but	it	would	not	increase	the	rate	
achieved	without	xylose:	i.e.	mutants	with	low	transglycosidase	activity	would	show	a	
higher	 inhibition,	 than	 those	with	 transglycosylation).	Both	cases	would	allow	 to	 find	














mutations	 were	 also	 attempted	 in	 this	 domain.	 Nevertheless,	 the	 large	 size	 of	 the	
enzyme	 (1024	 amino	 acids)	makes	 the	 screening	 of	 such	 a	 big	 number	 of	mutations	
very	 challenging.	The	 screening	 in	 solid	medium	 that	was	 implemented	 in	 this	work,	
albeit	proving	to	be	useful	for	the	generation	of	mutants	within	domain	3,	is	still	a	time-
consuming	 and	 manual	 method.	 Further	 improvements	 in	 the	 method	 for	 colonies	
spreading	and	identification	and	more	precise	and	potent	software	for	image	analyses	





The	 analytical	method	 developed	 in	 this	work	 allowed	 to	 analyse	 samples	 in	 less	
than	ten	minutes	and	without	any	previous	sample	treatment.	This	short	time	allowed	
a	 high	 to	medium	 throughput,	making	 the	method	 compatible	with	 the	 analyses	 of	 a	
large	 number	 of	 samples,	 especially	 because	 the	 instrument	 used	 allowed	 automatic	
sampling	and	autonomous	overnight	use.		This	feature	is	especially	relevant	when	long-
time	 reactions	 were	 carried	 out	 (kinetic	 analyses).	 Regarding	 the	 simplicity	 of	 the	
sample	 preparation,	 in	 comparison	 to	 those	 methods	 that	 need	 tedious,	 time-
consuming	 sample	 manipulations	 (e.g.	 derivatization	 for	 gas-liquid	 chromatography	
analysis	 and	 complete	 drying	 of	 samples	 181,183)	 the	 implemented	 method	 was	 very	
convenient.	 The	 LoQ,	 achieved	 is	 valid	 for	 analysed	 samples	 (concentrations	 of	
substrate	and	products	are	quite	high).	One	of	 the	 fundamental	pros	of	 the	method	is	
that	it	allows	the	identification	of	the	three	isomers	in	the	same	analysis,	allowing	the	
calculation	of	transformation	and	regioselectivity	concomitantly.		




The	HPLC-MS	method	developed	 is	 suitable	 for	 the	 purpose	 of	 the	work,	which	 is	 to	
evaluate	 gaxilose	 synthesis	 and	determine	 the	T/H	 ratio.	Despite	 the	 efforts	made	 in	
order	 to	 include	 oNP	 and	 oNPG	 detection	 in	 the	 same	 analysis,	 no	 conditions	 were	
found	 so	 that	 this	 product	 could	 be	 quantified	 in	 the	 same	 method.	 It	 is	 worth	
mentioning	 that	 the	 synthesis	 of	 other	 oligosaccharides	 by-products	 catalyzed	 by	
Enterobacter	cloacae	 β-galactosidase	 cannot	be	 ruled	out	and	 that	our	method	would	








concentrations	of	donor	and	acceptor	 (4.5-fold	and	2-fold,	 respectively)	 in	4-fold	 less	
volume	than	the	original	method.	This	feature	is	important	from	the	industrial	point	of	
view	 because	 it	 reduces	 the	 need	 for	 very	 large	 reactors	 and	 thus	 increases	 reactor	
productivity.	The	reduction	of	reaction	volumes,	due	to	a	higher	reaction	concentration,	
makes	downstream	processing	of	gaxilose	less	energy	demanding	because	less	amount	




level	 (10	 g	 and	 50	 g	 oNPG)	 when	 this	 thesis	 was	 composed.	 Project	 progress	 has	
focused	in	E.	cloacae	β-galactosidase	evaluation	at	industrial	level.	This	enzyme	was	to	
be	produced	from	biomass	grown	at	200	L	reactor	scale.	
The	 amount	 of	 enzyme	 needed	 in	 the	 industrial	 production	 of	 gaxilosa,	 β-
galactosidase	 from	E.	cloacae	 is	more	 efficient	 than	 the	E.	coli	 enzyme	 because	 using	












it	 a	 more	 selective	 enzyme	 for	 the	 production	 of	 gaxilose	 and	 also	 enhancing	 the	
purification	 of	 the	 desired	 isomer	 from	 the	 reactions	mixture.	 This	 Additionally,	 the	
stability	 of	 gaxilose	 is	 higher	 in	 the	 reaction	 medium	 because	 is	 not	 the	 preferred	
substrate	 for	 the	 hydrolytic	 activity	 of	 the	 E.	 cloacae	 β-galactosidase.	 This	 feature	
allows	diminishing	the	risk	of	product	hydrolysis	if	reaction	is	faster	than	expected	or	


















































2. The	 optimal	 conditions	 for	 the	 industrial	 production	 of	 gaxilose	 using	





them,	 45	 β-galactosidases	 with	 reported	 transglycosylation	 activity	 were	
further	screened.	Bibliographic	search	and	phylogenetic	trees	analyses	allowed	
final	 selection	 of	 nine	 enzymes	 to	 be	 expressed,	 purified	 and	 characterised:	
Bacillus	circulans,	Bifidobacterium	longum	subsp.	 infantis,	Enterobacter	cloacae,	
Geobacillus	 kaustophilus,	 Lactobacillus	 delbrueckii	 subsp.	 bulgaricus,	






neapolitana).	 The	 other	 three	 candidates,	 i.e.	 E.	 cloacae,	 L.	 delbrueckii	 subsp.	
Bulgaricus	 and	 S.	 rectivirugula,	 were	 further	 screened	 under	 analytical	 and	
industrial	 conditions.	 E.	 cloacae	 β-galactosidase	 was	 selected	 as	 the	 new	
biocatalyst.	
5. Characterization	of	E.	cloacae	 β-galactosidase	has	 shown	 that	 the	 enzyme	has	
high	 T/H	 ratios	 and	 little	 secondary	 hydrolysis	 which	 makes	 it	 a	 better	
biocatalyst	 for	 the	 synthesis	 of	 gaxilose	 compared	 to	 the	 E.	 coli	 enzyme.	
Temperature	 and	 pH	 effect	 on	 E.	 cloacae	 β-galactosidase	 showed	 that,	 under	
laboratory	conditions,	37oC	and	pH	6.5	were	the	optimal	conditions.	
6. In	an	attempt	to	increase	the	ability	of	E.	cloacae	β-galactosidase	as	biocatalyst	
for	 the	 synthesis	 of	 gaxilose,	 eight	 point	mutations	were	 analysed.	 After	 that,		




This	 mutant	 achieves	 higher	 conversion	 rates	 and	 reaches	 higher	 gaxilose	
yields	(20-32%	more	gaxilose	than	wild	type)	with	the	same	T/H	ratio.	
7. 3D	 structure	 of	 E.	 cloacae	 β-galactosidase	 has	 been	 determined	 at	 2.1Å	
resolution.	 Its	 structure	was	 based	 on	 space	 group	 P21	 and	 the	 unit	 cell	 was	
formed	by	a	dimer	of	tetramers.		
8. In	semi-industrial	level	reactions	(10	g	of	oNPG),	a	yield	of	35%	of	pure	gaxilose	
has	been	achieved	with	 the	E.	cloacae	 β-galactosidase,	 compared	with	 the	21-
23%	 when	 the	 E.	 coli	 enzyme	 is	 used.	 Moreover,	 E.	 cloacae	 β-galactosidase	

































E.	 coli	 DH5α	 (Thermofisher,	 catalogue	 #265017)	 was	 used	 for	 cloning	 and	 DNA	














250mL,	 300	 mM	 NaCl,	 50	 mM	 phosphate),	 cells	 were	 lysated	 with	 sonicator	 (50%	






rpm.	 Those	 cultures	 were	 used	 as	 inoculum	 the	 next	 day	 for	 2	 L	 Erlenmeyer	 flasks	
containing	 500	 mL	 of	 LB	 medium	 (Sigma,	 cat.	 #L3022-1kg)	 with	 ampicillin	 (0.1	
mg/mL).	 Inoculated	media	were	 incubated	 at	 37oC,	 250	 rpm.	When	 cultures	 reached	
optical	 density	 (OD600)	 of	 2,	 expression	 of	 β-galactosidase	 protein	 was	 induced	 by	
adding	1	mM	 isopropyl-β-thiogalactopyranoside	 (IPTG,	Anatrace,	 cat.	 #GEN-S-02122-
5-5G).	Cells	were	incubated	overnight	at	37oC	at	250	rpm.	
Then,	 cells	 were	 harvested	 by	 centrifugation	 (5,000	 rpm	 for	 20	 min	 at	 4oC)	 and	
resuspended	 in	 50	mL	 of	 washing	 buffer	 (300	mM	 NaCl,	 50	mM	 phosphate,	 10	mM	
imidazole,	 pH	 8.0)	 with	 1	 mM	 of	 PMSF.	 Cells	 were	 lysed	 with	 sonication	 (50%	






washing	 buffer	 (300	 mM	 NaCl,	 50	 mM	 phosphate,	 10	 mM	 imidazole,	 pH	 8.0).	 The	
column	was	washed	 to	 remove	 unbound	proteins.	 One	 step	 of	 50%	of	 elution	 buffer	
(300	 mM	 NaCl,	 50	 mM	 phosphate,	 500	 mM	 imidazole,	 pH	 8.0),	 255	 mM	 imidazole,	
allowed	protein	recovering.	Previously	in	the	project,	purification	was	also	performed	
in	gradient	mode;	however	protein	eluted	was	too	diluted.	



















- Standard	 curve	 of	 galactose,	 4-	 and	 3-0-β-D-galactopyranosyl-D-xylose	 were	
analysed	 two	 or	 three	 times	 during	 analysis	 depending	 on	 lenght	 of	 time	
analysis.	It	is	known	that	factor	response	can	change	on	time	(mainly	in	the	first	




Interquim	 S.A	 facilities	 has	 its	 own	 analytic	 department	 and	 samples	 of	 reactions	
carried	out	on	Interquim	were	analysed	by	another	method.	They	used	a	HPLC	method	
with	 an	 evaporative	 light	 scattering	 detector	 (HPLC-ELSD).	 The	 chromatopgraphic	
column	is	XBridge	Amida	(100x4.6mm,	3.5µm).	Two	columns	were	connected	 in	serie	
	 Galactose	 Gaxilose	
Adduct	 Na+	 NH4+	 Na+	 NH4+	
m/z	 203	 198	 355	 330	
Fragmentor	 50	 50	 50	 50	
























mixture.	 Activities	 were	 determined	 following	 changes	 in	 UV	 absorbance	 at	 405	 nm	
due	 to	 the	 release	 of	 ortho-nitrofenol	 (oNP).	 Extinction	 coefficient	 was	 determined	







Specific	 activity	 was	 carried	 out	 in	 200	 μL	 volume	with	 5	mM	 oNPG	 and	 25	mM	
xylose	in	reaction	buffer	(100	mM	phoshphate,	50	mM	β-mercaptoethanol,	1	mM	MgCl2,	
pH	 7.0).	 Reactions	 were	 performed	 in	 thermostated	 microplates	 using	 Bravo	
Automated	Liquid	Handling	Platform	(Agilent).	Microplates	were	incubated	at	37oC	for	








50	mM	β-mercaptoethanol	 pH	7.0)	 at	 37oC.	Different	 conditions	were	 evaluated	with	
different	proposals.	
Laboratory	 conditions:	 allow	 simulatig	 industrial	 conditions	 but	 with	 initial	
substrate	totally	dissolved:	250	mM	xylose,	50	mM	oNPG	and	0.5-2	U	of	enzyme.	


















Purification	 was	 composed	 of	 three	 steps:	 liquid	 extraction,	 carbon	 column	 and	
crystallization	progress.	
- LIQUID	EXTRACTION.	Process	began	with	pH	drop	to	4.0-5.0	with	the	addition	
of	 HCl	 1N.	 Three	 extractions	 with	 isopropyl	 were	 done	 to	 extract	 oNP	 from	
aqueous	phase.		
- ADSORPTION	CHROMATOGRAPHY.	Column	of	active	carbon	was	prepared	 for	
the	 second	 step	 of	 purification.	 Column	 used	 was	 of	 35	 cm	 length	 and	 a	
diameter	of	3	 cm.	After	 reaction	 solution	 load,	 a	washing	 step	was	performed	
with	 water	 (aprox.	 2L).	 This	 step	 eluted	 monosaccharides.	 Then,	 a	 second	
elution	 with	 methanol	 was	 performed	 to	 elute	 gaxilose	 product	 (aprox.	 2L).	




















Genes	 were	 designed	 including	 restriction	 sites	 to	 subclone	 in	 plasmid	 pET-22b	
(Millipore,	 cat.	 #	 697744)	 (Figure	 ii.	 2).	 NdeI	 (New	 England	
Biolabs,	cat.	#R0111S)	was	added	in	N-terminal	and	Hind	







According	 to	 the	 length	 of	 the	 gene	 different	 strategies	 were	 used	 to	 build	 the	
constructs	(Figure	ii.	3).	If	genes	were	less	than	3	kbp,	normal	procedure	was	carried	
out:	 digestion	 of	 gene	 and	 vector	with	 corresponding	 restriction	 enzymes,	 fragments	
purification	(gel	extraction	kit	from	Sigma,	cat.	#NA1111-1KT),	ligation	(10	min,	room	





Sequence:  pET-22b(+).dna  (Circular / 5493 bp)
Features:  14 visible, 14 total
Printed from SnapGene® Viewer:  17 de jul de 2017  15:57 Page 1








This	 strategy	 was	 used	 for	 β-galactosidase	 genes	 of	 Sulfolobus	 solfataricus	 (GH1),	
Paenibacillus	 thiaminolyticus	 (GH35),	 Bifidobacterium	 longum	 subsp.	 infantis	 (GH42),	
Geobacillus	kaustophilus	(GH42)	and	Thermotoga	neapolitana	(GH42).	



























































































sites	 (4,	 Figure	 ii.	 5).	 Finally,	 ligation	 with	 the	 vector,	 previously	
digested	 (5,	 Figure	 ii.	 5),	 was	 performed	 before	 a	 standard	
transformation	 with	 E.	 coli	 DH5α	 competent	 cells	 (CaCl2).	 This	






















































































































































































































with	 1	 mM	 phenylmethanesulfonyl	 fluoride	 (PMSF,	 protease	 inhibitor,	 Sigma,	 cat.	
#93482-250mL).	 Cells	were	 lysed	with	 sonication	 (50%	amplitude;	 5	min	 of	 10s	ON	
and	 20s	 OFF)	 with	 sonicator	 Sonics	 VIBRA-cell.	 Cell	 debris	 was	 removed	 by	
centrifugation	 (12,000	 rpm,	 1h,	 4oC)	 and	 filtrated	 through	 0,45	 μm	 filters	 (#TR-







Enzymes	 were	 analysed	 by	 SDS-PAGE	 to	 determine	 their	 purity	 that	 in	 all	 cases	





















































































































































































































Hydrolytic	 assay	 was	 set	 up	 to	 determine	 primary	 and	 secondary	 hydrolysis.	
Reactions	were	performed	in	200	μL	volume	with	oNPG	or	gaxilose	at	5	mM	(dissolve	
















Three	plates	were	used:	 1)	 growing	plate	 (LB-agar	 and	 ampicillin	100	μg/mL);	 2)	





Once	 colonies	 were	 large	 enough,	 membrane	 were	 moved	 to	 plate	 two,	 where	 cells	
expressed	protein	(L-arabinose	induction)	and	hydrolyse	X-gal,	blue	colour	appearance	
indicated	hydrolysis	activity	(room	temperature).	As	soon	as	different	kind	of	soft	blues	









Image	 treatment	 was	 performed	 with	 VISIOLOG	 6.3	 software	 (Noesis).	 Different	
steps	were	carried	out:	
1) Image	superimposition	to	be	able	to	compare	colonies	at	same	position.	Images	
















5) Superimposition	 of	 image	 of	 colonies	 numbered	 with	 images	 previously	






















To			 	 	 										T1.5h		 	 	 	 		T3h	






Replica	 plating	 methodology	 was	 used	 to	 evaluate	 small	 libraries	 without	
quantification.	














grown	and	protein	 expression	was	 induced	 in	2	mL	microplates	 (0.2%	L-arabinose,	
OD600	0.5,	24oC,	overnight).	
Altough	 it	 was	 checked	 that	 substrate	 could	 enter	 cells,	 cells	 were	 lysed	 for	 this	
screening	to	reduce	possible	 interferences.	Cultures	were	harvested	by	centrifugation	
(5,000rpm,	 30min	 at	 4oC)	 and	 resuspended	 in	 200	 μL	 of	 commercial	 buffer	 for	 lysis	




Reactions	 were	 performed	 200	 μL	 in	 reaction	 buffer	 (1	 mM	 MgCl2,	 100	 mM	









β-galactosidase	 gene	 from	 E.	 cloacae	 was	 extracted	 from	 previous	 plasmid	
construction	 (pET-22b(+))	 obtained	 in	 CHAPTER	 2.	 Gene	 was	 amplified	 with	
corresponding	 primers	 including	 restriction	 sites	 (fw:	













Firstly,	 it	 was	 verified	 which	 annealing	 temperature	 amplifies	 better,	 in	 a	 higher	
amount	and	more	specificly	the	desired	gene	(Tannealing	53oC	to	70oC).	After	agarose	gel	
analysis	 (left-	Figure	 ii.	 13)	 it	was	 seen	 that	Tannealing	 of	60	oC	provided	higher	yields.	
Using	same	protocol	(Table	 ii.	2)	and	selected	temperature	(60oC)	gene	amplification	


































 98oC 30 s 
X 30 
98oC 10 s 
59oC 2 min 
72oC 2 min 
 72oC 10 min 







































































ligase,	 ThermoFisher	 Scientific,	 cat.	 #EL0014,).	 Finally,	 ligation	 product	 was	









Protein	 expression	 trials	 were	 performed	 under	 different	 conditions:	 different	
concentrations	 of	 inducer	 (L-arabinose,	 0.2%-0.0002%),	 different	 temperature	 of	






Molecular	 docking	 was	 performed	 with	 AUTODOCK	 (http://autodock.scripps.edu	































After	PCR,	 samples	were	 cleaned-up	of	 primers,	 polymerase,	dNTPs	 	 a	 kit	 for	PCR	




















2) 	DpnI	 endonuclease	 digestion	 (New	 England	 Biolabs,	 cat.	 #R176L)	 of	 PCR	
product	to	remove	wild	type	template,	followed	by	thermal	inactivation	(20	min,	
80oC).	
3) PCR	 of	 epPCR	 product	 to	 amplify	 mutated	 DNA.	 Purification	 of	 product	 by	
agarose	gel	and	kit	of	DNA	extraction	(Qiagen,	cat.	#28704).	
4) PCR	of	 cloning	vector	plus	mutated	gene	 fragment.	Purification	of	products	by	
agarose	gel	and	kit	of	DNA	extraction.	
PCR	PROTOCOL	
























	 	 Mg2+	 Mn2+	 dNTPs	


























6) Competent	 cells	 transformation:	 commercial	 ultracompetent	 cells	 (XL10-Gold	
















3) Transform	mutated	 ssDNA	 into	 XL10	 Gold	
ultracompetent	cells.	
4) Miniprerp	of	transformed	cells	pulls.	






Phusion HF buffer (5x) 4 µL 
dNTP mix (10mM) 1,6µL (0,8mM) 
Vector 50-100 ng 
Insert variable 
H2O X µL 
Phusion HF DNA polymerase (2U/µL) 0,2 µL 











chosen	 for	 building	 acquisition	 due	 to	 4DUV	 presented	 close	 conformation	 (active	
conformation).	
SWISS	 MODEL	 server	 evaluated	 models	 achieved	 and	 all	 of	 them	 had	 acceptable	
values	(Figure	ii.	16).	Local	Quality	plot	shows	for	each	residue	(x-axis)	the	expected	
similarity	 to	 the	 native	 structure	 (y-axis):	 values	 below	 0.6	 are	 expected	 to	 be	 low	
quality.	 It	 is	 highlighted	 that	nearly	 all	 residues	were	 above	0.6	 value:	 around	amino	
acid	 750	was	 a	 lower	 quality	 probably	 due	 that	 this	 part	 belongs	 to	 domain	 4:	 non-







collaboration	with	Dr	Alberto	Marina	 from	 the	 IBV-CSIC	 in	 Valencia	 (Spain).	 Inactive	



















Protein	 crystals	 were	 obtained	 at	 different	 conditions.	 Crystals	 analysis	 were	
performed	 at	 ALBA	 SYNCHROTRON	 (Cerdanyola	 del	 Vallès,	 Barcelona,	 Spain)	 and	
SYNCHROTRON	DIAMOND	(Oxford,	UK).	
Data	processing	was	performed	with	PHENIX	software	(Python-based	Hierarchical	
Environment	 for	 Integrated	 Xtallography	 is	 a	 software	 suitable	 for	 the	 automated	
determination	 of	molecular	 structure	 using	X-ray	 crystallography	 and	other	methods	
391,392).	
	COOT	 software	 (Crystallographic	Object-Oriented	Toolkit	 393)	was	 used	 to	 display	
and	manipulate	models	get.	This	program	is	focused	on	building	and	validating	atomic	
models	 into	 three-dimensional	 electron	 density	 maps,	 obtained	 by	 X-ray	
crystallography	or	electron	microscopy.	COOT	allows	model	manipulation	such	as	real	




UNICORN 5.01 (Build 318)
Result file: c:\...\Default\Estela\20160517 bgal Ecloace pBAD ala lot3 histrap
 Manual run 3:10_UV  Manual run 3:10_Cond  Manual run 3:10_Fractions
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UNICORN 5.01 (Build 318)
Result file: c:\...\Default\Estela\20160517 bgal Ecloace pBAD ala lot3 GF
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All	 genes	were	 sublconed	 on	 pET-22b(+)	 vector	 and	 they	were	 subcloned	 using	NdeI	
and	HindIII	restriction	sites.	Map	and	MCS	are	shown	below.	
	






















































































The pET-22b(+) vector (Cat. No. 69744-3) carries an N-terminal pelB signal sequence for 
potential periplasmic localization, plus optional C-terminal His• Tag® sequence. Unique sites 
are shown on the circle map. Note that the sequence is numbered by the pBR322 convention, 
so the T7 expression region is reversed on the circular map. The cloning/expression region of 
the coding strand transcribed by T7 RNA polymerase is shown below. The f1 origin is oriented 
so that infection with helper phage will produce virions containing single-stranded DNA that 
corresponds to the coding strand. Therefore, single-stranded sequencing should be performed
using the T7 terminator primer (Cat. No. 69337-3).
pET-22b(+) sequence landmarks
T7 promoter 361-377
T7 transcription start 360
pelB coding sequence 224-289
Multiple cloning sites
(Nco I - Xho I) 158-225
His• Tag coding sequence 140-157
T7 terminator 26-72
lacI coding sequence 764-1843
pBR322 origin 3277










Nco I BamH I
Sal I Hind III Not I







T7 promoter primer #69348-3





























































The pET-22b(+) vector (Cat. No. 69744-3) carries an N-terminal pelB signal sequence for 
potential periplasmic localization, plus optional C-terminal His• Tag® sequence. Unique sites 
are shown on the circle map. Note that the sequence is numbered by the pBR322 convention, 
so the T7 expression region is reversed on the circular map. The cloning/expression region of 
the coding strand transcribed by T7 RNA polymerase is shown below. The f1 origin is oriented 
so that infection with helper phage will produce virions containing single-stranded DNA that 
corresponds to the coding strand. Therefore, single-stranded sequencing should be performed
using the T7 terminator primer (Cat. No. 69337-3).
pET-22b(+) sequence landmarks
T7 promoter 361-377
T7 transcription start 360
pelB coding sequence 224-289
Multiple cloning sites
(Nco I - Xho I) 158-225
His• Tag coding sequence 140-157
T7 terminator 26-72
lacI coding sequence 764-1843
pBR322 origin 3277










Nco I BamH I
Sal I Hind III Not I







T7 promoter primer #69348-3
































































































































































































































































































































































































































































































































E N G L K S L V L E - - K G K Y F S N D E L T MN D L E G S E A L F E N G G A L S S T NQQ I F
V G I R E V A I Q - N NQ F Y I N GQ S I K I R G T N Y H D S H P E T G Y V - MT E S H F K K D
F G F R R I E I NQ DK V I L L N G K C L I I N G V N R H EWN A K T G R S - I T L N DM E K D
I G F R K V E I K - DG I L L F NQQ P I K F K G V N R H D S DP K T G Y A - I T Y AQ A H K D
V G F R T V E I V - G DR F L V N G R R V V F H GMN R H E T H P DR G R V - F D E E S A R A D
F R L P H G E F T T E G - F R L N G R P L K I R G L N R HQ S F P Y V G L R MG R T A K G S A H
G G L R E V A A - Q R G V F L L N G E P Y F P R L V L DQ G L WP E G H L A P P G L A A L R R D
F G L R DV T S - DG KM I F L N DQ K Y Y MK L L L NQ G Y Y P G G G L T G - T A D E F R A D
F G F R T V E L R DDK V I Y V N N K R L V I N G V N R H EWN A H T G R V - I S MA DMR A D
I G F R K V EM L - N GQ L C V N G K P L L I R G V N R H E H H P E N G H A - V S T A DM I E D
V G F R R V E I S - N G L L K L N G K P L L I R G V N R H E H H S E N GQ V - MD E A T MR R D
Y G F R WT G F DA T S G F S L N G E K V K L K G V S MH H DQ G S L G A V A N R R A I - E R Q
V G F R R F R I E - DG I L T I N G K R I V F K G A DR H E F DA E R G R A - I T EQ DM I DD
T G I R T V E F R DDG K F Y I N G E P L K L R G L N R HQ T F P Y V G G AMP DR VQ - R K D
F G V R S I A F DAQ R G F L L N G A P L K L H G T N N HQ DH A G V G T A I P DA L H - AWR
F G F R T V E L R DDK V I Y V N N K R L V I N G V N R H EWN A H T G R V - I S MDDMR A D
F G F R K I E I K - DK VM L L N G K R L V I N G V N R H EWH P E T G R T - I T A E D E AWD
V G F R N F E L K - DG I MY L N GQ R I V F K G A N R H E F D S K L G R A - I T E E DM I WD
V G F R R F E I K - DK L M L L N G K R I V F K G V N R H E F N A R T G R C - I T E E DM L WD
F G F R E A V F K P DG - F Y L N G R K L K L R G L N R HQ S Y P Y V G Y AMP R R VQ - E K D
V G F R C V E I S - N G L L K V N G K P L L I R G V N R H E H H P E N GQ V - MD E A T MC R D
V G I R E V S V D- G N V V K V N G K P I K L H G V N R H D S DP V T G P V - I S E EQ L MR D
V G F R R F R I E - DG I L T I N G K R I V F K G A DR H E F DA E R G R A - I T EQ DM I DD
V G F R N F E L K - DG I MY L N GQ R I V F K G A N R H E F D S K L G R A - I T E E DM I WD
F G V R S I A F DAQ R G F L L N G A P L K L H G T N N HQ DH A G V G T A I P DA L H - AWR
V G F R T F E I K - N G L MT I N G K R I V L R G V N R H E F D S V K G R A G I T R E DM I H D
L G F R R I Q I E - N G I L L F N GQ P I K F R G V N R H D S DP V T G Y H - I S R T Q A V R D
F G F R E A V F K P DG - F Y L N G R K L K L R G L N R HQ S Y P Y V G Y AMP R R VQ - E K D
V G F R E V R I E - N G L L L L N G K P L L I R G V N R H E H H P L H GQ V - MD EQ T MVQ D
V G F R K F E R K - DG L MQ I N G K R I V F K G T N R H E F A S DK G R A - I T I DDMV N D
F G Y R Y Y HWT P N E G F S L N G E R I K F H G V S L H H DH G A L G A E E N Y K A E - Y R R
F G Y R Y Y HWT P N E G F S L N G E R I K F H G V S L H H DH G A L G A E E N Y K A E - Y R R
I G F R R I E I A - DG L L R L N G K P L L I R G V N R H E H H H L R GQ V - V T E A DMVQ D
I G F R K I E I K - DG V F Y L N N V A I K I K G V N R H EMH P D L GQ A - I T K E S M L Q D
V G F R R F R I E - DG I L T I N G K R I V F K G A DR H E F DA E R G R A - I T EQ DM I DD
L G F R T V E I V - G DR F L V N G R R V V F H GMN R H E T H P DR G R V - F D E E F A R A D
V G F R K V E I S - E GQ L K L N G K P L L I R G V N R H E H H P E L G H V - MT E E DM I R D
I G F R H F EMK - DK I MC L KWK R I I F K G V N R H E F S A R R G R S - I T K E DM L WD
V G F R R V D I S - N G L L K L N G K P L L I R G V N R L E H H P E N GQ V - MD E A T MR R D
I G F R K I I L DP QQ G L L V N G R KMK L K G V C E H H D L G A L G A A F N K T A L - K R R




































V G I R T F S L DA R K G F T L N G R Q T K I N G V CMH H D L G C L G A A V N T R A I - E R H
F G F R K I E I K - DG T L L F N G K P L Y I K G V N R H E F DP DR G H A - V T V E R M I Q D
V G F R N F E L K - DG I MY L N GQ R I V F K G A N R H E F D S K L G R A - I T E E DM I WD
V G F R Q I D I S - N G L L K L N GQ P L L I R G T N R H E H H P Q H GQ V - MH E A T MR H D
F G Y R Y Y HWT P N E G F S L N G E R I K F H G V S L H H DH G A L G A E E N Y K A E - Y R R
F G F R K I E I K - DG T L L F N G K P L Y I K G V N R H E F DP DR G H A - V T V E R M I Q D
V G F R R F R I E - DG I L T I N G K R I V F K G A DR H E F DA E R G R A - I T EQ DM I DD
F G F R R I E I NQ DK V I L L N G K C L I I N G V N R H EWN A K T G R S - I T L N DM E K D
F G V R S V V F DP DK G L V I N G E H V P I R G V N N H H D L G A L G A A F N V R A A - E R Q
G N F T DV E G N - - - - - - - K C P N T T K G G L T G S R K C L E R T Y V A C H I R S V V N D
I G F R K V E L K - N GQ L L V N G I R I MV H G V N I H E H N P K T G H Y - Q D E A T MMK D
L G F R T V E I V - G DQ F L V N G R R V V F H G V N R H E T N P DR G R V - F D E A DA R E D
F R T - - A EWT P Q G - F L L N GQ P MK L R G L N R HQ S WA HQ G Y A A G R H AQ - E R D
T G I R T V E F R DDG K F Y I N G E P L K L R G L N R HQ T F P Y V G G AMP DR VQ - R K D
I G F R H V A I E - DG I L K L N G K R L V F R G V N R H E F DC R R G R A - I T E E DM L WD
V G F R R F E I K - DK L M L L N G K R I V F K G V N R H E F N A R T G R C - I T E E DM L WD
F G F R R I E I N K DH V V L L N GQ R L I I N G V N R H EWN A K R G R A - I T MDDMT S D
F G F R R I E I NQ DK V I L L N G K C L I I N G V N R H EWN A K T G R S - I T L N DM E K D
F G F R R V E I DQ DK V L R L N G K R L I I N G V N R H EWN C H R G R A - V T I E DMH T D
V G F R T F E L K - N G L MT I N G K R I V L R G V N R H E F D S V K G R A G I T R E DM L H D
V G F R E V R I E - N G L L L L N G K P L L I R G V N R H E H H P L H GQ V - MD EQ T MVQ D
Y G F R WT G F DA T S G F S L N G E K V K L K G V S MH H DQ G S L G A V A N R R A I - E R Q
F G V R Y F K F D E N E G F S L N G E Y MK L H G V S MH H D L G A L G A A T N A R G V - E R Q
F G F R R I E I N K DK V V L L N G K R L I I N G V N R H EWDA K R G R S - V T I A DMT S D
I G I R K I A I E - K GQ L K I N G K A L L V R G V N K H E F T P E H G Y V - V S E E VM I K D
F G V R S V V F DP DK G L V I N G E H V P I R G V N N H H D L G A L G A A F N V R A A - E R Q
F G F R T V E L R DDK V I Y V N N K R L V I N G V N R H EWN A H T G R V - I S MA DMR A D
L G F R T V E I V - G DQ F L V N G R R V V F H G V N R H E T N P DR G R V - F D E A DA R E D
V G F R V V E I S - DGQ L K V N G C P L L I R G V N R H E H H P E K G H A - V N DDDM L MD
F G F R T V E L R DDK V I Y V N N K R L V I N G V N R H EWN A H T G R V - I S MDDMR A D
L G F R T V R I V - G DQ F L V N G R R V V F H G V N R H E T H P DR G R V - F D E A G A R E D
L G F R T V K I V - G DQ F L V N G R K V I F H G V N R H E T N A DR G R V - F D E A S A R E D
V G F R S V E V R - D EQ L L L N G K P V E L R G V N R H E H DP R T G R A - V S R Q R QQQ D
I G F R H V A I E - DG I L K L N G K R L V F R G V N R H E F DC R R G R A - I T E E DM L WD




7 + 6 + 3 5 1 6 2 - 4 3 0 7 2 7 + 7 6 4 8 4 8 5 + 5 3 4 + 4 2 2 6 1 3 + 2 3 - 4 3 2 3 1 1 1 2 6
                                                



















































I I A G S T F G G G S T V NW S A C L K T P F K V R K EWY DN F G L D F V A T Q Y Y E D- - -
L E L MK - - Q G N F N A I R T A H Y P K S P L F Y EMT DQ Y G F Y VM S E A D I E T H G - -
I DT F K - - E N N I N A V R T C H Y P NQ I P WY Y L C DQ N G I Y MMA E N N L E S H G T W
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